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ABSTRACT 
Several ideation methods are available and used by engineering designers to 
enable the generation of alternative designs [1].  However, there has been little work done 
to understand the role that the design problem given to participants plays in the ideation 
process.  The contribution of this research is found through the proposed guidelines with 
respect to the type of requirements to include as part of the design problem in order to 
achieve the desired quantity, quality, novelty, and variety of solutions during the early 
stages of the design process.  This work is the first attempt at analyzing the effect of 
requirement type on the solutions generated to a design problem.  A user study is 
conducted with undergraduate mechanical engineering students to test the hypothesis that 
functional requirements lead to better understanding of the design problem, and thereby 
to improved ideation with respect to the quality, quantity, novelty, and variety scores on 
the solution sets.  All the participants were given a burrito folder design problem and 
asked to generate solutions.  The four experimental conditions were functional 
requirements, non-functional requirements, mixed prioritized requirements, and non-
prioritized requirements.  This study used a standard set of outcome based measures for 
ideation:  quantity, quality, novelty and variety [1].  The findings reveal that non-
functional requirements are useful in ideation to achieve a greater quantity of solution (p-
value=0.09) and better quality of solutions (p-value=0.018).  It also shows that non-
functional requirements positively impact the variety and novelty of solutions.  In 
addition, the mixed requirements groups achieve a better variety than the functional 
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requirements groups.  The results highlight potential improvements that might be 
achieved by using non-functional requirements in ideation.  Therefore it is recommended 
that designers explore these non-functional requirements of a problem, a recommendation 
that does not align with current best practice design education as seen through a review of 
popular design engineering text books.  These findings lead to areas for future research in 
understanding how the functionality of requirements influence an engineer‟s thinking. 
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CHAPTER ONE: MOTIVATION TO STUDY REQUIREMENTS 
The generation of ideas is a key activity in the engineering design process.  However, 
this activity relies on how well the design problem is understood.  Engineering design is 
the interplay between “what we want to achieve” and “how we want to achieve it” [2].  
Eliciting and managing requirements is a critical task in the design process as they are the 
crux of evaluating the success of the design project [3,4,5].  It is well documented that 
defining requirements has a big impact on the final quality of a product.  Thus, the topic 
of analyzing the effect of requirements given in the design problem arises.  
While researchers have explored the influence of using different idea generation 
methods on the quantity, quality, novelty and variety of solutions, the usefulness of 
requirements, especially functional requirements, given in a design problem has been 
relatively unexplored within idea generation methods.  Consequently, this research 
investigates the impact that functional, non-functional and mixed requirements have on 
the quantity, quality, variety and novelty of ideas generated by students.  This thesis 
strives to answer the following five research questions: 
RQ1. What is the influence of functional requirements (FR) on the quantity, 
quality, novelty and variety of concepts generated? 
RQ2. What is the influence of non-functional requirements (NFR) on the 
quantity, quality, novelty and variety of concepts generated? 
RQ3. What is the influence of mixed random requirements (MR) on the 
quantity, quality, novelty and variety of concepts generated? 
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RQ4. What is the influence of mixed prioritized requirements (MP) on the 
quantity, quality, novelty and variety of concepts generated? 
RQ5. What is the influence of no requirements (None) on the quantity, 
quality, novelty and variety of concepts generated? 
To answer these questions, a controlled experiment was conducted in a 
sophomore level mechanical engineering design class at Clemson University.  The class 
was divided into five groups.  One group was given no specific requirements other than 
the problem statement while the other four were given specific requirements (functional, 
non-functional, randomly mixed and mixed priority).  The reasoning behind the mixed 
requirements is to evaluate the importance of prioritized requirements versus non-
prioritized requirements.  Several mechanical engineering design processes mentioned 
that requirements should be prioritized using House of Quality (HOQ) or Pugh Matrix or 
other means to obtain the best design [5,6,7,8].  However there has been little work to 
prove/verify these claims.  The results of this study can be used as a guide to understand 
the type of requirements that matters in solving a design problem while trying to generate 
a greater number of solutions, good quality solutions, a greater variety of solutions or 
novel solutions or a combination.   
1.1 Relation of Thesis to Other CEDAR Requirements Studies 
Much work has been done to study requirements within the CEDAR group. 
Previous work from Lamar, McLellan, Ezhilan, Lash, Morkos, Joshi and Shankar are 
examined in this section to provide a comprehensive knowledge of what‟s has been 
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studied so far and identifying uncovered areas related to requirements that can be 
investigated by future CEDAR students.  
The first work studied is done by Lamar [9]. He developed a formalized syntax 
for expressing engineering requirements using a linguistic approach. This method is 
based on four elements: artifact, necessity, function and condition. Functional 
requirements and non-functional requirements are modeled using grammar and 
linguistics. These can be qualitative or quantitative based on numerical values or the parts 
of speech in the subject complement respectively. His work is also useful in the 
documentation and analysis of engineering requirements, thus much of the focus is in the 
planning, task clarification stage of the design process. 
Mclellan analyzed a method to identify requirements significant to mass reduction 
[10]. He also modeled requirements by using syntax and pre-processing rules that dictate 
the grammar of the requirement sentence such as the subject, verb and adjunct phrase. 
These rules were applied on the unprocessed FMTV requirements. These requirements 
are then used in relational matrices in order to prioritize requirements that can reduce the 
mass of a system. Similarly to Carl, this work deals with the analysis of requirements on 
the early stages of the design process (task clarification and conceptual phase). 
Lash‟s thesis encompassed the development of computational linguistics to 
capture the implicit knowledge in requirements [11]. His goal was also to improve 
requirements analysis by making refinements to the requirements document early in the 
design process. Semantic analyzers are used to identify key terms which are then mapped 
to the semantic ontology that provides a definition of each key term in a requirement. The 
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semantic analyzers seem to perform better than the syntax analyzer when comparing the 
significant terms of the requirements. They are also useful in identifying the strength of 
relationships between requirements.  Similarly to the previous two authors, this work is in 
the planning and task clarification phase of the design process. 
Shankar‟s dissertation outlines a design method to reduce engineering changes 
due to the effect of change propagation [12]. One of the reasons for engineering changes 
is requirement change. The findings confirmed that non-functional requirements drive the 
design changes. Therefore capturing the information of non-functional requirements in 
the conceptual stages can help a designer to identify the affected non-functional 
requirements of a component when the engineering changes are performed later in the 
production phase. These requirements are then included in the requirements modeling 
scheme as they play an important role in the realization of the product. The author also 
mentioned that new NFRs identified during the design process leads to the identification 
of new FRs. Shankar‟s work on creating a tool to reduce the engineering changes also 
highlights the importance of NFRs in design. His work is more focus in the later stages of 
the design process (detail and production phases). 
Ezhilan‟s work created a systematic method for modeling requirements 
propagation to generate solutions for mass reduction [13]. Similar to McLellan, the 
attempt is made by examining requirements. These requirements are then mapped to the 
functions of the individual components to determine the strength of their relationships. 
This is done with the aid of multiple matrices: functions to working principles and 
working principles to components matrices etc. Finally, there are test measures in place 
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to validate the requirements using tests matrices. There is a total of seven steps that help a 
designers to generate solutions to reduce mass with the initial input being but not limited 
to a requirements list and the final outputs is a list of test measures with a pool of 
solutions that reduce the system‟s mass. Compared to the Shankar‟s work whose findings 
said NFR drive change, NFRs are not considered in the method outlined by Ezhilan. 
Morkos‟ dissertation [14] presents a tool that help designers predict change 
propagation in the requirements domain. More specifically it analyzes how a change in 
one requirement may affect other requirements in a requirements list. This relies on 
building relationships between requirements to develop propagation on the first order and 
second order.  The requirements were related through syntactical elements such as 
keywords, subjects and POS tagging. This tool has the ability to show the designer a list 
of the next changes of requirements to ensure that these changes do not negatively affect 
other requirements within the design. This work on requirements is also part of the task 
of the task clarification phase. 
Joshi‟s thesis analyzes the role of requirements in senior projects [15]. More 
specifically it examines the effect of level of detail of problem statement and 
requirements on the level of detail of final solution. A case study of problem to solution 
mapping is examined. The findings show that a high level of detail final solution is more 
likely to result in a high level percentage of requirements met. In addition, a low level 
detail of problem statement and requirements lead to no greater than a medium level 
detail of final solution. This research is also focused on the early stages of the design 
process.  
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There has clearly been much research done with requirements within the CEDAR 
group.  However, this work is the first to investigate the use of requirements in ideation 
as it has not yet been explored. It is the goal of this thesis to fill this gap. A visual 
representation of CEDAR work on requirements is shown in Figure 1. A quick 
observation reveals that most of the work developed is applicable to the planning and task 
clarification phase and the conceptual stage of the design process. The embodiment and 
detail design phases of the design procure relatively unexplored. It would be interesting 
to investigate the application of the knowledge and guidelines that have been built up on 
the early stages of the design process from previous students and apply them to the later 
stages of the design process. These can be suggestive topics to be explored by future 
graduate students.  
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Figure 1: Showing CEDAR work on requirements in the design process 
1.2 Outline of Thesis 
This thesis is organized as follow. A review of previous work on requirements 
would be presented in Chapter Two. Topics covered include definition of requirements, 
types of requirements and the use of requirements in the design process based on four 
renowned authors from the literature. Chapter Three provides the details of the 
experiment, problem statement, participants and the coding scheme. The results and 
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analysis are shown in Chapter Four provides the results and analysis of all the collected 
solutions. It also provides a discussion on the ANOVA and the LSD results as well as 
providing guidelines. The conclusions and future work are discussed in Chapter Five. 
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CHAPTER TWO: RELATED WORK ON REQUIREMENTS 
2.1 Definition of Requirements 
Understanding the role of requirements in design is necessary before analyzing 
the effects of different type of requirements in a design problem.  A requirement can be 
described as a condition or capability to which a system must follow [16].  The 
International Council on Systems Engineering (INCOSE) defines requirements as 
statements that identify system or product constraints deemed necessary by stakeholders 
to consider the solution acceptable [17].  It can be communicated directly from user, 
stakeholders, or designer in a form of a list, contract or another formal document.  
Requirements elicitation follows the problem definition stage in the systematic 
design process [3].  Requirements development is an interactive activity that plays a 
critical role during the design process as it requires thinking, investigating, evaluation and 
modification.  A requirement list is not only the starting point of the task clarification but 
it also represents an up to date working document of the design process [3].  Research has 
shown that many projects fail because of inadequate requirements [18]. 
Careful development of product requirements is listed as one of the ten key 
features of design best practice [5].  Several design activities such as generating, testing, 
and validating ideas, are greatly influenced by engineering requirements [19,20].  
Requirements play a critical role in the design process as they represent the specifications 
which are used to judge the success or failure of resulting product [3].  Apart from 
serving as a basis around which ideas are developed, requirements also play a significant 
role while testing the final designs.  Different roles that the requirements assume in the 
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design process may include their use as a benchmarking tool to evaluate the ability of the 
existing solutions to meet customer needs or its use as a concept selection tool for 
selecting concepts based on how well they meet the customer needs.  Improvement in the 
understanding of design problem might be indicated by the decreased abstraction of 
requirements and increased ability to write engineering specifications [5,21]. 
Thus, it is evident from the literature that requirements play an important role in 
the design process.  Previous researchers have focused on the goal of improving ideation 
and aid designers during the design process [22,23,24,25,26]. However, these studies 
focus on the methods used for idea generation, such as group or individual ideation, 
analogy based ideation, or tools like 6-3-5 and C-Sketch, instead of exploring the impact 
that the formulation of the design problem has on the solutions.  The way a design 
problem is selected and designed might influence the level of creativity asserted by the 
designers.  Therefore, it is important to study the influence of requirement types in a 
problem statement given to the participants. 
2.2 Distinguishing between functional and non-functional requirements 
There are two major concerns associated with requirements in design:  (1) 
achieving requirements completeness and (2) avoiding irrelevant requirements.  Not 
paying careful attention to eliciting, documenting, and tracking non-functional 
requirements makes it difficult to prioritize and make trade-offs between the quality of 
product, the cost to develop it, and the time-to-market of both current and future releases 
[27,28].  Thus, it is important to distinguish between the functional and non-functional 
requirements. 
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Functional requirements describe the behaviors (functions or services) of the 
system that support user goals, tasks or activities [3].  There are several definitions on 
functional requirements.  A functional requirement specifies “a function that a system 
must be able to perform”, “what the product must do”, and “what the system should do” 
[29,30].  Another definition considers the behavioral aspects of the system; functional 
requirements specify the inputs (stimuli) to the system, the outputs (responses) from the 
system, and behavioral relationships between them [3].  Functional requirements might 
also capture the nature of the interaction between the component and its environment 
[19]. 
Non-functional requirements are not specifically concerned with the functionality 
of a system. They specify external constraints that the product must meet and place 
restrictions on how the user requirements are to be met [31]. Non-functional requirements 
(NFRs) constrain “how” the system must accomplish the “what”. They define the overall 
attributes as well as qualities a system might have such as security, safety, performance, 
usability, flexibility, or customizability [27,32,33].  They are often referred to as “-ilities” 
(e.g: maintainability, reliability) or “-ities” (e.g: integrity, security).  There are several 
other types of non-functional requirements that do not fall in the “-ility” or “-ity” 
categories such as performance, user-friendliness, or safety.  The non-functional 
requirements restrict the types of solutions one might consider [34].  A constraint such as 
high reliability, for instance, may raise both the cost of the system and the level of effort 
associated with its design and testing.  Research work defines these non-functional 
requirements as affordances, thereby relating potential behavior with actual form [35]. 
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It is well recognized that many projects fail due to inaccurate elicitation of non-
functional requirements.  Further, they tend to be the most expensive and difficult type of 
requirements to correct if they are omitted or not properly dealt with during the design 
process [36,34,27].  Eliciting requirements involves some understanding of the domain 
and gathering organizational knowledge.  Since they are not as clear in stakeholders‟ 
minds as functional requirements, dealing with them is a challenge.  
2.3 Requirements in the Design Process 
In this section, the design process with respect to requirements is analyzed for 
four popular authors in the literature.  For the purpose of this research, only the effect of 
requirements in the design process is of interest, rather than the entire design process 
which can also include the embodiment, final detail design or project planning.  Four 
prominent authors were identified from the literature as their work directly affects the 
design process in Mechanical Engineering, more specifically the details on how to handle 
requirements in the design process. These authors are 1) Hyman (Fundamentals of 
Engineering Design), 2) Ullman (The Mechanical Design Process), 3) Pahl and Beitz 
(Engineering Design: A Systematic Approach) and 4) Suh (Axiomatic Design: Advances 
and Applications).  The following authors were selected because they are well known and 
their guidelines are widely used in academia and industries. The contents in these books 
were designed for upper-level undergraduate students, graduate students and professional 
engineers who have not had a formal course in the mechanical engineering process 
[5,4,2,3]. The authors provide a comprehensive survey and guidelines of their 
experiences, different design techniques and based on their research. In design education, 
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students are taught the techniques elaborated by these authors and are urged to apply 
these principles to a course project or capstone design project. The goal of the design 
curriculum is to aid students to understand the steps of the design process and apply them 
to various discipline applications. Therefore, these four books are considered a good 
reflection of various engineering curriculums.  
2.3.1 Design process according to Barry Hyman 
The first step of the design process is to define the problem by identifying the 
goals, objective and constraints.  This is similar to defining the problem statement.  
Secondly, a functional analysis need to be completed that is, the tasks or functions to be 
performed by the engineered system using block diagrams.  The functional analysis refers 
to what the design must accomplish.  This is similar to writing functional requirements.  
Hyman continues by saying that establishing the need and problem statement may not be 
sufficient to formulate the design problem for complex systems, therefore the tasks or 
functions of the system are to be described.  Non-functional requirements are not clearly 
specified.  In addition, the key characteristic of a system flow diagram is to focus on what 
the system does, not specifying how it does it [4]. Based on the definitions of 
requirements, it is clear that Hyman‟s focus is first and foremost on the functional 
requirements. The third step is to prioritize the requirements using quality function 
deployment. This is done by identifying and quantifying the strength of the relationship 
between requirements, looking at which engineering requirement has the biggest effect 
on each customer requirement.  Once this is accomplished, the concept generation phase 
begins.  One of the limitations of this approach is the minimal consideration of non-
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functional requirements.  There is a strong focus on the “functional” analysis of the 
system but no intent of dealing with non-functional requirements in the early stages of the 
design process. Figure 2 shows the steps described above. This represents a simplified 
version of the design process with respect to requirements with the inputs and outputs of 
each stage. 
 
Figure 2 : Design process according to Hyman 
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2.3.2 Design process according to Suh (Axiomatic Design)  
Like the previous author, Suh‟s design process also starts with defining the 
problem.  The next step is then to understand the functional domain where the customer 
needs are specified in terms of functional requirements and constraints.  The designer 
needs to specify input constraints at the beginning of the design process [2].  Then, one 
must map the functional requirements into the physical domain and identify design 
parameters. Sketches and drawings can be used to capture these design parameters [2].  
This step is the idea generation. Finally the designer must check that the solutions 
generated do not violate the constraints, which can be considered as non-functional 
requirements by Suh‟s definition.  There are two limitations with this approach.  First is 
the use of constraints (non-functional requirements) near the end of the concept 
generation.  In addition, there is no approach to drive new requirements other than 
revising or modifying them.  Also, it is not clear how to use requirements in order to 
generate better concepts.  A modified version of design process with respect to 
requirements according to Suh is shown in Figure 3 with inputs and outputs at each step. 
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Figure 3 : Design process according to Suh 
2.3.3 Design Process according to Ullman 
Ullman‟s design process starts by recognizing the need and defining the problem 
statement [5].  This leads to a „gathering information‟ step with the development and 
generation of requirements.  The major types of requirements listed are functional 
requirements, human factored requirements, physical requirements, cost and 
environmental concerns.  The next step is generating concepts mainly through functional 
decompositions.  Like the previous authors, Ullman believes that the more the functions 
of a system are understood, the more complete are the requirements that can be 
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developed.  There is also a prioritizing effect by identifying the relative importance 
between the customers‟ requirements and engineering specifications through Quality 
Function Deployment (QFD) table.  Similarly to Suh, these concepts generated are then 
evaluated against constraints and the preferred design is implemented.  The gaps found in 
the design process of this author include a strong focus on functional decomposition and 
little to no analysis of non-functional requirements in the early stages. The constraints are 
only present to evaluate or modify the concepts that have already been generated. A 
modified version of the design process with respect to the use of requirements is shown 
in Figure 4 below. 
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Figure 4 : Design process according to Ullman 
2.3.4 Design Process according to Pahl and Beitz 
In the systematic design book by Pahl and Beitz the design process begins with 
the problem definition in the task clarification phase [3].  Then a list of requirements is 
generated with the demands and wishes of the customer.  These requirements are then 
grouped, labeled and arranged to determine the strength of the relationship between 
customer and engineering requirements.  Once the crux of the problem is defined, the 
next step is to develop the principle solution.  The overall function of the product is 
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defined in terms of the information flow of energy, material and signals to meet the 
specifications.  The overall function is decomposed into sub-functions and designers 
establish function structures by linking compatible inputs and outputs.  The concepts 
variants are then evaluated against the technical and economic criteria.  The output of this 
step is concepts.   
There are a few limitations found in Pahl and Beitz with respect to requirements.  
The first one is that there are no guidelines on how to use requirements to achieve 
potential solutions.  Secondly, there seems to be little knowledge about the use of non-
functional requirements in the conceptual design phase.  It is important to note however 
that the requirements checklist presented include some non-functional requirements but 
there is no indication on how to use them until later in the design stage.  This work, like 
others is not exempt from focusing mainly on functional requirements. 
It is important to note here that the stages do not necessarily follow a rigid process 
one after the other but they are carried out iteratively, returning to the previous steps, thus 
achieving a step-by-step optimization. The same figure is developed to show the steps 
described above, see Figure 5. 
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Figure 5: Design process according to Pahl & Beitz 
It is clear from this overview that engineering designers trying to develop 
concepts are taught to focus on functional requirements based on the guidelines provided 
from these authors. Existing methods are usually based on functional analysis. However, 
none of them indicate how requirements should be used in the design process for 
ideation.  Moreover, non-functional requirements (constraints) have little use or do not 
come until after the concepts have been already generated to provide evaluation or 
modification.  It is unclear how to design the design problem itself in order to achieve 
good solutions.  These limitations identified in this thesis align well with previous work 
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done by Shraddha et al [8]. One of the main findings indicate that most design tools in the 
planning and task clarification phase as well as the conceptual stage in the design process 
do not mention the use of requirements. These claims are verified through the extensive 
review of the four authors presented. Thus, this research serves as a bridge to fill these 
gaps. 
2.4 Experimental Research in Problem Representation Influence in ideation 
While experimental studies on how a design problem as presented to designers 
influences the ideation results are not common, three experiments are of interest here.  
The first is a study on the role that the number of functional requirements plays in idea 
generation process using morphological charts [37]. This research demonstrated that an 
increase in the number of functions does not improve the quality of concepts but rather a 
morph chart that contained more means than functions. The second study is on the impact 
of the representation of the design problem in the quality of concepts [38]. Here a design 
problem is represented in two ways: function list and function structure. The results 
indicate that the novelty or variety of means does not depend on a particular type of 
representation. The last study examined the relationship between two models (function 
model and function interaction model) and the type of requirements (functional and non-
functional) as well as the effects of these two models on the quantity and quality of 
solutions. The results indicate that the function interaction model support idea generation 
in generating better quality solutions.  
These three studies developed tools to improve the idea generation process. They 
all had the same design problem which was the burrito folder device. However, there has 
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been little work done on the content of a design problem with respect to requirements. 
Since this problem has been used and tested several times, it is therefore suitable to adopt 
it for the purpose of this thesis. Although these research studies have an emphasis on the 
representation of the design problem with respect to requirements, there are no guidelines 
developed to teach novice engineers how to use requirements, more specifically the type 
of requirements. It is the goal of this thesis to fill the gap. 
Table 1: Problem Representation in literature 
Experiment 
Representat
ion 
Requirements 
given 
Measures 
Design 
problem 
Findings Observations 
Smith  [37] 
Function 
list (FL) 
and small 
function 
list 
FR only Quality 
Burrito 
folder 
Small FL > 
FL 
Focused  on 
the number of 
functional 
requirements 
in ideation on 
quality 
Richardson  
[38] 
Function 
structure 
(FS) and 
function 
list (FL) 
FR + NFR 
Variety, 
Novelty 
No 
significant 
difference 
between FS 
and FL for 
novelty and 
variety 
Focused on 
problem 
representation, 
not testing the 
type of 
requirements 
to give for 
ideation 
Ramachand
ran [39]  
Function 
structure 
(FS) and 
function 
interaction 
model 
(FIM) 
FR + NFR 
Quantity, 
Quality 
FS > FIM 
(Quantity) 
Focused on 
the 
representation 
of 
functionality 
of problem 
statement 
 
FIM > FS 
(Quality) 
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CHAPTER THREE: EXPERIMENTAL METHOD 
This experiment was conducted with sophomore level mechanical engineering 
students with the goal of investigating the role of type of requirements on the novelty and 
variety of design solutions.  The experiment was conducted in the regular class settings to 
minimize the influence of a different environment on the experiment [40,41].  The class 
was randomly divided into four groups for the experiment.  The control group was given 
only the problem statement and no requirements.  Each of the remaining groups was 
given the problem statement and a set of requirements.  The first experimental group was 
given a set of seven functional requirements.  The second group was given a set of non-
functional requirements.  The third group was given a random mix of the functional and 
non-functional requirements.  The number of requirements was the same for each 
experimental group.  It may be noted that while the groups were formed to test the 
influence of different types of requirements, within each group the design activity was 
conducted by the students individually.  The details of the design problem, participants, 
and the experimental procedure are discussed in details in this section. 
3.1 Participants 
The experiment was conducted with students enrolled in Foundations of 
Mechanical Systems class in spring of 2012.  This is a sophomore level mechanical 
engineering class where students are introduced to basic elements of mechanical systems 
such as mechanisms, cams, and gears.  Factors such as age, gender, and race were out of 
scope for this experiment.  The class was divided into five groups by randomly 
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distributing the design packets of each treatment to each student. Although there were 
five distinctive groups due to the type of requirements, the instructions mentioned that 
each student was to work individually to propose solutions for the design problem.  
Therefore, the focus solely relies on the analysis of the individual and not group work.  
This was done to avoid any possible bias in the quality of solutions generated by the 
participants.  Furthermore, the participants were not awarded any extra credit for 
participating in the experiment.  This was done to avoid any possible bias in the quality 
of solutions generated by the participants. 
3.2 Design Problem 
In developing a design problem for the experiment, several considerations were 
made.  First, a problem that was known to be calibrated for this level of engineering 
capability and would allow for multiple solutions to be generated within a lecture period 
is needed.  Second, the problem should be graphically driven as sketch solutions were the 
selected form of data to be collected.  The nature of the problem should also be one that 
includes multiple functional and non-functional requirements.  Further, the problem 
should have relevance for the students, providing simple motivation to ensure honest 
effort in developing the solutions.   
Based on these considerations, a burrito-folding design problem was developed.  
This design problem was originally introduced in the sophomore course as a semester 
long design project for two semesters.  Thus, it is assumed that the problem is at the 
appropriate level for the students.  Further, the problem has been employed in other 
design experiments, suggesting that it has a suitably robust solution space for student 
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exploration [38,39,37].  Moreover, as this problem has been used previously, the 
requirements from past incarnations can be used or modified within this experiment.   
The same design problem was given to all participants; however the types of 
requirements varied among different groups.  Figure 6 shows the burrito folder design 
problem that was given to all the participants.  This problem was restructured from the 
previous versions. There were also some hidden requirements (not explicitly written as 
for the previous groups) in the problem statement. Essentially there were three 
requirements: one functional requirement and two non-functional requirements. The 
functional requirement was to design a device that can make burrito. The non-functional 
requirements were feeding 100 people and timing constraints (during half time). 
The Mechanical Engineering Department is hosting a tailgate party and has invited 
alumni. The department wishes to feed burritos to a party of 100 during the half time. The 
task for manually making the burritos for these many people is laborious. Thus the goal 
is to design a burrito making device for the department.   
Figure 6: Burrito folder design problem 
While none of the participants for the study had seen this problem before, they 
were all familiar with the process of stuffing and folding a burrito, a popular late night 
study food for US students.  Thus, while not being familiar, the design problem was 
within the domain knowledge of participants [39,37,42].  The problem was represented 
neutrally to avoid any gender bias.  A pilot study with CEDAR students was conducted to 
ensure that the participants will be able to generate at least three to four solutions for the 
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problem in stipulated time.  This was done to ensure the collection of sufficient data from 
the experiment. 
As previously mentioned, five experimental conditions were tested in this study:  (1) 
problem statement only, (2) functional requirements, (3) non-functional requirements, (4) 
mixed random requirements and (5) mixed priority requirements. Table 2 shows the 
specific requirements given to each group. The problem statement group did not receive 
any detailed requirements. The functional group was given eight functional requirements 
and the non-functional group was given eight non-functional requirements. The mixed 
priority group was given the four most important functional requirements out of the eight 
functional requirements and the top four non-functional requirements out of the eight 
non-functional requirements. The mixed random group was given four randomly selected 
functional requirements and four randomly selected non-functional requirements out of 
the functional and non-functional requirements respectively. These last two groups are of 
interest to test the relevance of selecting more important requirements prior to the 
concept generation phase as pointed out by several authors in literature [3,4,5].  
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Table 2: Requirements for each group condition 
Requirements 
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The device must be able to position empty tortillas to store fillings (FR1) X   X 
The device must be able to hold the tortillas while they are being filled (FR2) X  X  
The device must be able to store up to four fillings (FR3) X   X 
The device must be able to fill the tortillas with desired fillings (FR4) X   X 
The device must be able to prevent spilling of fillings outside of the tortillas (FR5) X  X  
The device must be able to contain 3-4 inches of fillings after proper positioning (FR6) X    
The device must be able to fold the filled tortillas into burritos (FR7) X  X X 
The device must be able to wrap the filled burritos with a packing paper (FR8) X  X  
The device must be easy to install by an individual without any special assistance (NFR1)  X   
The device must be easy to use by common individual without need for any training 
(NFR2) 
 X X 
X 
The device must not weigh more than 20 pounds (NFR3)  X  X 
The device must fit on a table of 3ft X 4 ft (NFR4)  X X  
The device must be easy to be cleaned in less than 15 minutes (NFR5)  X  X 
The device must not require any extra/special tools (NFR6)  X   
The device must not cause any injury to the operator (NFR7)  X X X 
The device must be durable; it must be able to last for 10 years of tailgate parties (NFR8)  X X  
 
3.3 Experiment Procedure 
Each participant was given a design packet which consisted of design problem, 
set of requirements, blank sheets to document solutions, and an exit survey.  It may be 
noted that the control group participants were given only the design problem with no 
requirements.  After distributing the design packets, the participants were given five 
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minutes to read and understand the instructions and ask clarification questions.  Then, the 
participants were given twenty minutes to read and understand the design problem and 
generate concepts.  The instructions did not explicitly ask the participants to sketch their 
ideas, thus they were free to document their ideas textually, graphically, or both.  Further, 
the participants were not explicitly asked to focus on quantity, quality, variety or novelty 
while generating ideas to avoid any bias.  Finally, at the end of the experiment, the 
participants were asked to complete an exit survey.  While there was no time limit for the 
survey, it was expected that the survey should be completed in maximum of ten minutes.  
The data collection for this research focuses exclusively on the solutions generated by the 
participants for the burrito folder design problem. Thus, the systematic approach used for 
the experimental method ensures a high reliability in the results. 
3.4  Data Collection 
As mentioned previously, the data collected for this experiment were the sketches 
and solutions generated by the students in response to the burrito folder design problem. 
The students were given 8 blank sheets of paper but only one concept per sheet was 
allowed. There was no specific guidance on how to document their solutions. Participants 
were free to use a graphical or textual representation, a 2-D or 3-D view and orientation 
of drawings of their choice. The students were also to record their initials on each concept 
sheet but there was no verification that could be used to be pointed back to a particular 
student either based on their performance in the class, GPA or other factors. There were 5 
different concept sketching sheets because of the five groups. The difference was only 
based on the type of requirements that each group received. However, students were all 
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given the same problem statement and the appropriate requirements according to the 
treatment of each group. These concept sketching sheets for each group are shown in 
Appendix A:. The data was analyzed after all the concepts sheets were collected. There 
were a total of 114 sketches with a total of 47 students from all the five groups. An in-
depth analysis of these sketches is discussed in Chapter Four.  
3.5 Coding Scheme 
A coding scheme was developed in order to objectively evaluate the solutions 
gathered at the end of the experiment. The sketches as previously mentioned could 
consist of sketches, notes or diagrams. They contained information as to which 
requirements were addressed from the problem statement. A protocol was created in 
order to objectively analyze the solution fragments that students generated for the 
requirements. There were some steps followed before developing the coding scheme. 
First, there was an iterative process performed to review all the solutions collected from 
all the five groups to discover possible concept fragments or solution fragments. Then, 
guidelines were created in order to systematically identify concept fragments.  
  A concept fragment is a solution that addresses a requirement. The design space 
contains a total of nineteen requirements, therefore there are nineteen blanks 
corresponding to the concept fragments for each requirement (Table 3). These 
requirements are specifically extracted from the problem statement and the explicitly 
written requirements given to students. The details on what constitutes a solution are 
described in details in Table 4. 
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Table 3: Concept fragment (Means) per requirement 
Requirement 1 
Concept fragment 1 (solutions to 
requirement 1) 
Requirement 2 
Concept fragment 2 (solutions to 
requirement 2) 
… 
… 
Requirement 19 
Concept fragment 19 (solutions to 
requirement 19) 
 
Table 4: Protocol table to identify concept fragments 
Requirements 
Comments/Explanation 
1.Easy to 
install 
The sketch must mention if it requires automatic or manual installation 
or both. Evaluate size of the device vs size of the user. The sketch 
mentions how to install device.  
2.Easy to use 
The sketch must include visible signs that suggest ease of use. For 
example a sketch that contains switches, buttons, computer 
program/software or a device that is automatic anything requiring little 
to no effort (i.e operator only has to put burrito in the device and get 
the fully wrapped burrito at the end, or the operator just has to press 
buttons to select choices.) 
3.Weigh <20lbs 
The sketch must contain details about the weight of the device. The 
size of the device can also provide relative weight. For example, 
assuming that if a device fits on a table it weighs less than 20 lbs. 
4.Fit table (3ft 
x 4ft) 
The sketch must include rectangular, parallelogram shapes/drawings, 
mention tables or draw tables, conveyor. Include dimensions (record 
dimensions). A sketch of a person or people near a table/other device 
can provide a relative scale of the device. 
5.Easy to clean 
The sketch must include notes/drawings on how it does not require 
much effort, dishwasher friendly, removable components etc.  
6.No extra 
tools 
Identify specific ideas from the sketch that makes it not require extra 
tools, basically a user should only be able to use their hands most of 
the time. 
7.Safety 
The sketch must include methods that prevent injury such as warnings, 
safety manual, preventive action, emergency stops, different lights etc. 
8.Durable 
The sketch must include what material the device is made out out/ 
manufacturing processes/companies. You can also assume that if a 
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sketch includes any heating components, it is considered as durable or 
already existing devices such as conveyor.   
FR 
 
1. Position 
tortillas 
The sketch must include  a place where the tortilla is being placed: this 
can include table, (hot/cold) surfaces etc 
 
2. Hold tortillas 
The sketch must include what holds the tortillas for example if there is 
a grabber, robot or if the tortilla is sitting on top of a surface while it‟s 
being filled. It must show that the tortillas are being stable or a low 
speed while being filled with ingredients. 
3. Store 4 
fillings 
The sketch must include storage ideas, anything a student drew that 
shows they thought about fillings in the design. Please note that only 
listing one or more fillings does not imply storage, you must identify 
where these filling(s) are stored. 
4. Fill with 
fillings 
The sketch must mention how the fillings are put in the tortilla. 
Methods include chute, drop, injection, manual, automatic etc In this 
case, it is safe to assume that if they listed one or more fillings, this 
requirement is met as they are the fillings inside the tortilla.  
5. Prevent 
spills 
Any solution that specifically talks about preventing spills,  specifying 
only a certain amount within an appropriate space of the burrito, way 
of folding burritos might also prevent spills, mentioning of another 
device used to prevent spills 
6. Contain 3-4 
in of fillings 
Student specifies an amount of fillings contents, fillings drawn on the 
middle of the burrito, mechanism that only allows a certain amount of 
fillings  
7. Fold tortillas 
The sketch must mention if there is a folding mechanism. If there is, it 
must say if it is manual, automatic or uses handle, robotic arms etc 
Write down specifically from the sketch. 
8. Wrap in 
paper 
The sketch must mention paper in solution or if it is automatic or 
manual wrapping. Include specifics. 
Pb Statement 
 
1. Make 
burritos 
The sketch must include one or more devices that make burritos. An 
example of solution that does not meet this requirement is calling a 
company/restaurant that makes burritos to order, or if a solution is only 
manual all throughout the design. 
2. Feed 100 
people 
The sketch must mention numbers. For example, if there are 100 
burritos, then it is 1 burrito/person, so the concept fragment is valid. 
The sketch can also include more than 100 burritos. 
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3. Time 
constraints 
The sketch must include numbers mentioned (10 min, 2min etc). The 
sketch must include rate of making a burrito (how fast the conveyor 
moves, how many burritos can be made in a minute, how fast does the 
device take to make 1 burrito. 
 
Five example sketches are shown from Figure 7 to Figure 11. Concept fragments 
are identified based on the protocol developed as seen in Table 4.  
 
Figure 7: Example sketch from NFR group 
. 
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Figure 8: Example sketch from the None Group 
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Figure 9: Example sketch from NFR group 
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Figure 10: Example sketch from NFR group 
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Figure 11: Example sketch from MR group 
A summary table of the concept fragments for each figure is presented in Table 5, 
showing how the protocol works. 
Table 5: Table with concept fragments of good examples of sketches 
Initials.Sketch 
number 
 Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 
NFR 
Concept fragment(s) 
1.Easy to install 
Table Conveyor Conveyor 
belt 
hopper  
2.Easy to use 
On/off 
buttons 
Conveyor Conveyor 
belt/interfac
e 
hopper Touch 
screen 
interface 
 37 
3.Weigh <20lbs 
Machine on 
table 
  light  
4.Fit table (3ft x 
4ft) 
Rectangle 
drawing/ 
table 
   Dimensio
ns 
mentioned 
5.Easy to clean 
Removable 
hot plates 
  plastic plate 
6.No extra tools 
Buttons  Control 
interface 
  
7.Safety 
Heat cover 
lid 
    
8.Durable 
Heating 
components 
Conveyor 
components 
Conveyor 
components 
plastic metal 
FR 
     
1. Position 
tortillas 
Table/surfac
e plate 
Conveyor 
surface 
Plate Tortilla 
path 
plate 
2. Hold tortillas 
 Conveyor 
surface 
Plate Tortilla 
path 
plate 
3. Store 4 fillings 
 Filling 
dispensers 
Bins Hopper 
container 
container 
4. Fill with 
fillings 
 chute Scooping Sliding 
door 
chute 
5. Prevent spills 
  Specific 
amounts 
Inches 
away 
 
6. Contain 3-4 in 
of fillings 
   Serving 
hopper 
 
7. Fold tortillas 
 Robotic 
arms 
  Hinge & 
metal 
plates 
8. Wrap in paper 
    Wrapping 
paper 
Pb Statement 
     
1. Make burritos 
device device device hopper  
2. Feed 100 
people 
4 stacks of 
25 burrito 
    
3. Time 
constraints 
  Timing 
markers 
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An integrated morph chart of all the concept fragments used is presented in 
Appendix F:. Because the analysis is mainly focused on the solution fragments, it is 
important to test the similarity in the identification of concept fragment by different 
raters. Thus this protocol is tested for validity to ensure the analysis is highly reliable. 
The results of the protocol validation are presented in Appendix E:. 
 39 
CHAPTER FOUR: ANALYSIS AND RESULTS 
In order to conduct empirical studies on ideation, one must address what should 
be measured and how it should be measured to evaluate the process or the outcome of the 
ideation [1]. Often, the sketch is treated as a surrogate for the concept that the designer 
was intending to represent.  Thus, when one evaluates the conceptual solution, one often 
times is relegated to analyzing the sketches [43]. Analyzing these sketches poses a 
challenge and thus researchers have developed wide variety of metrics that may be used 
for analyzing them. 
4.1 Metrics in Ideation 
Engineering representations are useful in ideation, communication and problem 
solving [44,45,46]. Since sketches were collected in this experiment, the metrics used for 
sketching are studied here. Often, the sketch is treated as a surrogate for the concept that 
the designer was intending to represent.  Thus, when one evaluates the conceptual 
solution, one often times is relegated to analyzing the sketches [43]. Multiple researchers 
have used sketches as the basis for data analysis in document analysis, protocol studies, 
user studies and case studies [23,24,47,48,49]. Analyzing these sketches poses a 
challenge and thus researchers have developed wide variety of metrics that may be used 
for analyzing these sketches. The creativity of an idea is generally based on four metrics: 
quantity, novelty, quality and variety [50,1]. 
Quantity is often measured during sketch analysis, yet researchers count elements 
differently.  For example, quantity is a measure of the number of distinct sketches 
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generated [39,24] or only those sketches that represent solutions that satisfy targeted 
functions [51]. Another researcher developed a formula to evaluate quantity. It is 
calculated by adding all the ideas counts from each working principle branch in a 
genealogy tree for a given group then dividing this total by the number of participants in 
the group [1].  The quantity of ideas is important in creativity studies because it has been 
shown that generating a large quantity of ideas increases the chances of occurrence of 
better ideas [22,52]. 
Quality is another metric widely used for analyzing sketches. It is defined as a 
measure of the feasibility of an idea and how close it comes to meet the design 
specifications [53]. Multiple researchers have also use different ways to interpret the 
metric of quality.  For example, in one user study, quality is measured using a three point 
scale based on the overall technical feasibility and difficulty [22].  In another study, 
quality is measured as high, medium, and low based on the solutions developed for each 
requirement [39].  Measuring the quality of a concept is subjective and is typically 
supported by defined protocols and inter-rater analyses. 
Novelty refers to the newness of idea [22].  Thus, if the sketch represents idea that 
is unique, it would be considered novel [1,53]. It is also defined as the degree to which a 
given design concept was unusual relative to other ideas, including those from other 
individuals [54]. While novelty is one of the more popularly used metrics, researchers 
follow different approaches. Novelty is a function of the number of similar product 
solutions relative to the total set of product solutions anticipated a priori [22]. However 
On the other hand, an idea might be considered novel if it has low frequency of repetition 
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amongst the ideas generated by the participants [1,40]. Another researcher explored the 
effect of TRIZ on the novelty score of each idea and the average novelty score of each 
participant [55]. The method outline in Shat et al [1] for the novelty and variety is not 
applied in this research because the sketches are not detailed enough (working principles, 
embodiment and detail) for this type of data analysis. 
Variety is defined as the degree to which the concepts from a single designer were 
dissimilar from other concepts from that designer [54]. It is an indication of how the 
solution space was explored. The generation of similar ideas indicates low variety, thus 
the probability of finding better ideas in other areas of the solution space decreases [53]. 
Solutions are sorted in bins and variety is measured by using the percentage of bins that a 
team‟s solutions occupy [22].  In another approach, variety was measured by considering 
a genealogy tree for each function and differentiating ideas at each level [1,54]. 
This research is focused on investigating the influence of the type of requirements 
on the quantity, quality, novelty and variety of design solutions and thus these four 
measures will be used a metrics to evaluate the solutions generated by the students.  
Specifically, these metrics will be studied at the solution fragment level rather than the 
full integrated solution level.  These fragments are defined for the full set of requirements 
within the experiment.   
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4.2 Quantity 
This metric was selected for analysis because it is believed to be a measure of 
fluency [25] with the assumption that generating multiple ideas can lead to an increase 
occurrence of better ideas [1].  In this research, quantity is measured by the total number 
of sketches generated by a student in response to the burrito folder design problem.  For 
example, if a student generated three sketches that addressed one, three, and zero 
requirements respectively, the quantity score assigned for this student would be two. In 
order to objectively evaluate this metric, a sketch was counted only if it addressed at least 
one of the requirements given.  Designers can use low fidelity representations to evaluate 
requirements with good confidence in their results [48]. However, it was found that low 
fidelity representations are not effective at helping answer questions related to whether 
requirements are not met. Thus, the objective is to focus on whether a requirement has 
been explicitly addressed. That is, efforts are devoted to pinpoint specific feature(s) or 
notes within the sketch that would say that the requirement has been explicitly addressed. 
Features on what constitute a solution for a requirement are discussed in the coding 
scheme in Section 3.5. If a page contained a drawing not related or addressing the 
problem statement, it was not added to the count.  Examples of invalid solutions include 
„Call Taco bell‟ in Figure 13 or tree drawings shown in Figure 12.   
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Figure 12: Example of invalid sketch - Tree Drawings 
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Figure 13: Example of invalid sketch - Call Taco Bell 
Table 6  shows the quantity of sketches generated by each student for each group.  As 
mentioned previously, there were 114 sketches generated in total for all the five groups. 
There are two ways the researcher analyzed this metric in order to avoid bias. The first 
method is by identifying if each sketch address at least one of the requirements that was 
given and the second method analyze the sketches over the whole design space which 
consisted of nineteen requirements (eight specific functional requirements, eight specific 
non-functional requirements, and three requirements in the problem statement shown in  
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Table 2). By using both methods, the quantity score of each student was the same for all 
the groups and is shown in Table 6. Therefore, performing further analysis using both 
methods will yield the same results. 
Table 6: Total number of sketches per student for each group 
FR None NFR MR MP 
2 3 2 3 3 
1 2 5 2 1 
1 2 3 3 4 
2 2 4 3 2 
2 1 2 3 2 
2 7 3 3 2 
1 4 2 2 2 
2 3 2 1 2 
  
1 
3 
2 
3 
2 
2 
3 
As seen from Table 6, the first student in the FR group had 2 sketches that both 
addressed at least one requirement.  A quick observation of this table shows that all the 
students generated at least one sketch that addressed either one or more requirements 
from the design space or at least one of the requirements that was given to them. Table 7 
shows a summary with basic information such as averages, maximum, minimum and 
standard deviation of all the five groups. 
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Table 7: Overview of quantity metric 
Metric: Quantity 
Groups Average Max Min std dev avg -std avg +std sum 
FR 1.625 2 1 0.517 1.108 2.142 13 
None 3 7 1 1.852 1.148 4.148 24 
NFR 2.875 5 2 1.126 1.749 4.624 23 
MR 2.5 3 1 0.7559 1.7441 4.2441 20 
MP 2.266 4 1 0.798 1.468 3.734 34 
 
On average, the groups that demonstrated higher quantity were the no 
requirements group and the non-functional group.  A simple comparison can be done to 
determine which group generated the highest number and lowest number of sketches that 
addressed at least one requirement.  In terms of maximum, None > NFR > MP (Mixed 
Priority) > MR (Mixed Random) > FR.  In terms of minimum number of sketches, NFR 
> FR = None = MR = MP.  An ANOVA (Analysis of Variance) is performed to 
determine if the groups are statistically equivalent.  If Fcrit < F meaning the p-value is less 
than the level of significance, then the groups are not statistically equivalent.  If this is the 
case, another method called the Fisher Least Significant Difference (LSD) is used to 
determine which pairs are different.  The LSD method is a good method to apply when a 
pairwise comparison of the means is needed. 
4.2.1 ANOVA results for quantity 
A One-Way Analysis of Variance (Single Factor) was used because there was 
only one treatment:  the type of requirements.  In order to determine if the five groups are 
statically equivalent in the quantity of concepts generated, an ANOVA test is performed.  
The p-value found is 0.09 (Table 8). 
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Table 8:  ANOVA table for quantity metric 
ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 9.806028 4 2.451507 2.159314 0.090244 2.083732 
Within Groups 47.68333 42 1.135317 
   
       Total 57.48936 46         
 
Since Fcrit < F and p-value is less than α = 0.1, one can conclude that there is 
sufficient evidence at the 10% level of significance that at least two means are different.  
The LSD method is used to find out which means are different (Table 9).  The LSD 
approach will be shown in details in Appendix B:. 
Table 9: Fisher LSD method for quantity metric 
  LSD  |avg diff| Results 
MP - FR 0.785441 0.641667 No 
MP - None 0.785441 0.733333 No 
MP - NFR 0.785441 0.608333 No 
MP - MR 0.785441 0.233333 No 
  
FR - None 0.897036 1.375 Yes 
FR - NFR 0.897036 1.25 Yes 
FR - MR 0.897036 0.875 No 
  
None - NFR 0.897036 0.125 No 
None - MR 0.897036 0.5 No 
  
MR - NFR 0.897036 0.375 No 
The LSD value was calculated for each pair. If the average difference is greater 
the LSD value, then there is a significant difference between the pairs which will show as 
a „Yes‟ in the fourth column of Table 9 labeled as Results.  According to Table 9, the 
pairs statistically different are: None - FR and NFR - FR.  All other pairs are not 
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significantly different.  The NFR average is about 43% higher than the FR average.  This 
can lead to conclude that using non-functional requirements can increase the number of 
ideas in the ideation process.  It is also important to note that there is a significant 
difference for students in the FR group and the None group as the None group average 
was higher than the FR group average.  This is an interesting fact because of the 
assumptions of having functional requirements that would help understand the design 
problems as three reputable researchers presented [3,4,5].  Although the group with no 
requirements shows a greater average, when considering the standard deviation, the NFR 
group generated the highest number of sketches (average + standard deviation).  This can 
imply that there is a better quantity of ideas with the use of non-functional requirements.   
4.2.2 Quantity Recommendations 
It is then advised to either use non-functional requirements or provide no 
requirements in the early stages of the design process to increase the number of ideas.  
  
4.3 Quality 
In this section, the quality metric is explored.  This metric was selected for 
analysis because it can show how well a designer understood the design problem.  
Regardless of how many design solutions are generated or the number of different 
solutions, if there is not one that addresses the requirements, all the ideation effort is 
expended to no avail [1].  Quality is defined as the number of requirements that are 
addressed within a sketch.  It is an indication of how a solution came close to addressing 
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all the specifications of the burrito folder design problem. The defined problem space 
consisted of nineteen requirements (see Section 3.2). Therefore, when evaluating quality 
for each sketch, one may look at how many of the nineteen requirements were addressed 
out of all the sketches a student generated.  For example, the first student from the FR 
group generated 2 sketches (see Table 6) but only twelve out of the nineteen requirements 
were explored when considering both sketches (Table 12).  This was done in order to 
avoid counting the same requirement addressed multiple times.  Moreover, in design 
solution exploration, if a set of solutions is considered, it is likely that elements of the 
solutions will be integrated to form a more satisfactory solution.  Therefore, the quality is 
focused on the solution set, rather than on individual solution sketches. There is a 
limitation to this method that can be debatable since students did not see other 
requirements that are in the complete design space. Consequently, another method is 
implemented here to determine if that would‟ve affected the result. This is done by 
examining the solution set of each students and determining the quality score with respect 
to the requirements that were given to them only. Due to the unequal number of 
requirements of the control group (three requirements) compared to the experimental 
groups (eleven requirements from the three requirements in the problem statement and 
eight specific requirements), the analysis of the latter will be of focus in order to avoid 
erroneous conclusions. Table 10 presents the results using the second method which 
calculates the number of requirements that was addressed by each student over the eleven 
requirements they have seen. 
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Table 10: Quality Score with respect to requirements given to each group 
FR NFR MR MP 
9 11 9 6 
8 10 8 5 
9 6 7 7 
8 7 6 6 
9 6 7 8 
6 7 6 7 
6 7 7 7 
7 6 6 7 
  
6 
6 
4 
7 
7 
7 
8 
 
An ANOVA test is performed to determine if the groups are statistically 
equivalent using the results in Table 10. 
4.3.1 ANOVA Results for Quality (with respect to the requirements given only) 
Table 11: ANOVA for Quality w.r.t Requirements given per group 
ANOVA 
      Source of Variation SS Df MS F P-value F crit 
Between Groups 9.535897 3 3.178632 1.816856 0.162085 2.874187 
Within Groups 61.23333 35 1.749524 
   
       Total 70.76923 38         
From the Analysis of Variance (ANOVA) performed at the 5% level of 
significance, the p-value is 0.16 which indicates that there is no significant difference 
between the four experimental groups. That is there is not a significant difference in the 
total number of requirements addressed based on the total number of requirements given 
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in each group. It might be important to note here that only the number of requirements 
addressed is of interest based on the requirements that were given to each group and not 
examining which requirements were given for a particular group. The conclusion taken 
from this section is that analyzing the quality of these solutions within the design space 
(nineteen requirements) will not negatively affect these groups since the ANOVA test 
proved that they are statistically equivalent. Therefore, one group does not have an 
advantage over the other because they did not address the requirements given to them in 
the first place. Thus, an analysis with respect to the whole design space can now be 
performed. 
Table 12: Quality scores -Total number of requirements addressed per student 
FR None NFR MR MP 
12 10 17 12 9 
11 9 15 11 9 
12 8 11 11 12 
11 8 12 10 11 
12 8 11 12 14 
9 15 13 12 13 
8 8 13 12 12 
10 9 12 10 11 
 
9 
9 
4 
12 
13 
11 
12 
It is important to note, for verification purposes that the scores of each student in 
Table 12 should either be greater or equal to the scores in  due to the number of 
requirements. A basic comparison can be done when inspecting Table 13.  The groups 
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that displayed the highest average number of requirements to the least are in the 
following order, NFR > MR > MP > FR > None.  It is important to note that the group 
that performed the least in this category is the group given only the problem statement 
with its embedded requirements. This result makes sense since there were not any 
specific requirements to deepen the understanding of the design problem.  The students 
did not have any restrictions or constraints in analyzing the design problem. 
Table 13: Overview of Quality metric 
Metric Quality 
Groups Average Maximum Minimum Std Dev 
Avg -
std dev 
Avg + 
std dev 
Sum 
FR  10.625 12 8 1.506 9.119 12.131 85 
None 9.375 15 8 2.387 6.988 11.762 75 
NFR  13 17 11 2.070 10.930 15.070 104 
MR 11.375 13 10 1.061 10.314 12.436 91 
MP  10.733 14 4 2.463 8.270 13.196 161 
4.3.2 ANOVA results for Quality (with respect to the design space requirements) 
A One-Way ANOVA was performed at 5% level of significance to determine if 
there is a significant difference between the five groups using Table 12. 
Table 14: ANOVA table for Quality (complete design space requirements) 
ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 56.42039 4 14.1051 3.317762 0.018923 2.594263 
Within Groups 178.5583 42 4.251389 
   
       Total 234.9787 46         
The p-value is 0.018 which lead to conclude that at least 2 pairs of groups are 
significantly different. The LSD method is performed to determine which pairs are 
significantly different.  
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Table 15: LSD Method for Quality Metric 
  LSD value Avg diff Results |avg diff| 
MP - FR 1.978252 0.666667 FALSE 0.666667 
MP - None 1.978252 2.291667 TRUE 2.291667 
MP - NFR 1.978252 -1.70833 FALSE 1.708333 
MP - MR 1.978252 -0.45833 FALSE 0.458333 
  
FR - None 2.259323 1.625 FALSE 1.625 
FR - NFR 2.259323 -2.375 TRUE 2.375 
FR - MR 2.259323 -1.125 FALSE 1.125 
  
None - NFR 2.259323 -4 TRUE 4 
None - MR 2.259323 -2.75 TRUE 2.75 
  
MR - NFR 2.259323 -1.25 FALSE 1.25 
The LSD value is calculated for each pair.  If the difference in the averages is 
greater than the LSD value, then the result is that there is a significant difference between 
the two groups which will show „TRUE‟ in the 4th column of Table 15.  Using this 
approach, the following pairs are significantly different:  MP-None, FR-NFR, None-
NFR, and None-MR.  All other pairs are not significantly different and therefore it can be 
assumed that the difference in treatment has not impact on the results in terms of quality.  
There are two important facts to notice in terms of the quality metric: 1) there is no 
significant difference between the FR group and the None group and 2) there is a 
significant difference between the FR group and the NFR group.  The NFR group 
achieved the highest level of quality which can lead to conclude that non-functional 
requirements are key when exploring the overall design space of a design problem.  Even 
though the FR group had a more detailed version of the functions of the design problem, 
the quality of their solutions was equivalent to the group with no requirements.  This can 
lead to conclude that having a general problem statement with or without specific 
functional requirements would result in a similar quality of solutions. This conclusion 
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aligns well with previous research stating that the quality of design concepts increased 
when non-functional requirements are introduced [39]. In addition, having a mixture of 
prioritized (MP) or non-prioritized (MR) requirements lead to better quality solutions 
than having only the problem statement. It‟s important to also note that there was not a 
significant difference in quality between the mixed groups (MP and MR) and the 
functional requirements group. When examining the literature, there is a strong focus on 
performing a functional analysis and use these sub-functions to generate concepts of the 
problem at hand. According to the result of this research, non-functional requirements are 
the main drive for achieving good quality solution. 
4.3.3 Quality Recommendations 
It is then recommended that in order to explore the whole design space and 
increase the quality of solutions, a designer should consider using non-functional 
requirements. Non-functional requirements are useful if a designer‟s attempt is to address 
the design specifications (requirements given) as well as design space specifications as 
well.   
 
4.4 Novelty 
Novelty is defined as an unexpected idea that satisfies a requirement [1]. More 
specifically, novelty is considered as the low probability of finding a concept fragment 
relative to the entire sample population. In this research, a novelty score is given based on 
the number of novel means identified per student for each requirement.  A novel means is 
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defined as a means (solution fragment) that occurs less than 5% of the time, meaning less 
than 3 out of the 47 students thought of that means in their solutions.  Thus, the novelty 
procedure is performed a posteriori.  All the means from the students from all five groups 
were identified and labeled for each requirement in an integrated morph chart.  In order to 
remove a more favorable outcome from the MP group due to their greater number of 
participants, the analysis must be performed per requirements for fairness thereby 
mitigating bias. Therefore, nineteen ANOVA tests are performed because of nineteen 
requirements. The details of the procedure for giving a novelty score to a student are as 
follow: 
Step 1: Count the number of students that identified each means. 
Step 2: If the number is less than 2 for a means, identify it as a novel means.   
Step 3: Count the number of times each identified novel means is used by each student 
for all the groups. 
This value is the novelty score entered for each student. A table, Table 16 similar to the 
quantity table (Table 6) is generated.  If there is at least one novel means identified per 
requirement, an ANOVA is performed.  If it passes the ANOVA F-test, then the analysis 
proceeds to the LSD method.  This procedure works best with the data gathered due to 
the higher number of students in the Mixed Priority Group, counting the frequency of a 
means might give more advantage to this group. 
As an example, Table 16 shows the novelty table for NFR 8.  The first student 
from the FR group did not have any of the novel means therefore gets a score of 0.  One 
may note that having zero does not necessarily means that the student did not generate a 
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means for this requirement, but rather the student mentioned the same solution that 
everyone else thought about.  A value of 1 show that the student identified 1 novel 
means.  It might be important to note that the score of 1 given to some students in Table 
16 does not necessarily mean that they all thought about the same mean but rather one of 
the different novel means identified for NFR8. A concise example of this process is 
discussed in the next paragraph.  
Solutions fragments taken from the entire population for NFR 8 were metal, lever 
component, rail component, spring material, rubber, aluminum, wood, plastic, robot and 
components of conveyor (not an inclusive list). The first step is to count the number of 
students that used means. There was one student associated with each of the following 
means: lever component, rail component, spring material, rubber, aluminum and wood. 
There were nineteen students that mentioned the components of a conveyor, four students 
mentioned plastic and three mentioned robot. In step 2, identify novel means. That is 
identify means that less than three students used. From the previous step, the novel means 
are lever component, rail component, spring material, rubber, aluminum and wood 
because the occurrence was only once (one means per student). The other means are not 
considered novel because the occurrence is greater than two (nineteen, four and three). 
The first student in the MR group (Table 16) received a novelty score of 1 because of the 
identification of the novel solution fragment „rubber‟. The first student of MP group also 
received a score of 1 because of the identification of the novel solution fragment „lever 
component‟. Each student was given a novelty score based on the number of novel 
solutions fragments identified.  
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Table 16: Novelty table for NFR 8 
Novelty.NFR8 
FR None NFR MR MP 
0 0 1 1 1 
0 0 1 0 1 
0 0 0 0 0 
0 0 1 0 0 
0 0 1 0 0 
0 1 1 0 1 
0 0 0 1 0 
1 0 1 1 0 
  
0 
0 
0 
0 
1 
0 
0 
 
Furthermore, a sensitivity analysis was conducted with an occurrence of 10% to 
determine if there would be a difference in the results with the 5%. Having an occurrence 
of 10% means that less than five students identified a solution fragment, which would be 
considered a novel means. The novelty tables with an occurrence of 10% are presented in 
Appendix G:. This sensitivity analysis shows that there is no significant difference in the 
LSD pairs comparison, thus the patterns identified. This can be seen with similar tables 
for each requirement. Only one extra significant requirement (in addition to the 
significant requirements of the 5%) appeared with an occurrence of 10% however the 
LSD procedure reveals the same patterns that were identified in the case of a 5% 
occurrence.  Thus increasing the frequency does not add any value to the analysis, 
consequently a percentage of 5% is used instead.  
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4.4.1 ANOVA and LSD Results for Novelty metric. 
A summary table of the ANOVA and LSD of all the requirements are shown in Table 17. 
The ANOVA is performed with the results from the additional tables presented in 
Appendix C:. The LSD was performed if the p-value was less than the level of 
significance.  
Table 17: Summary Table for ANOVA and LSD Novelty of all the requirements 
Legend ## < = 0.05, 0.05< ## <=.01, ## >0.01 
Requirement ANOVA P-value LSD/ Pairs sign. different 
NFR1 0.0701 MP-FR, NFR-FR, NFR-None  
NFR2 0.000421 MP-FR, NFR-MP, NFR-FR, NFR-None, NFR-MR 
NFR3 0.877  
NFR4 0.556  
NFR5 0.0018 NFR-MP, NFR-FR, NFR-None, NFR-MR 
NFR6 Infinite (No variance)  
NFR7 0.487  
NFR8 0.037 NFR-MP,NFR-FR,NFR-None 
FR1 0.14  
FR2 0.13  
FR3 0.0789 NFR-MP, NFR-MR 
FR4 0.167  
FR5 0.214  
FR6 0.011 FR-MR,NFR-MP,FR-None, FR-MR 
FR7 0.331  
FR8 1.42E-06  FR-MP, MR-MP, FR-None, FR-NFR,MR-FR, MR-
None, MR-NFR 
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PB1 0.520  
PB2 0.277  
PB3 0.54  
 
There are three non-functional requirements that have p-value less than 0.05: NFR2, 
NFR5, and NFR8.  The LSD method is used to check which pairs are significantly 
different.  The order of pairs as seen in Table 17 is that the group on the left of the pairs 
has a greater average than the other one.  For example NFR-MP means that the average 
of NFR group is greater than MP group.  These are represented with links (lines) below 
for an easier and visual representation that could possibly assist in identifying patterns. 
The representation is only shown for significant p-values (from Figure 14 to Figure 18). 
 
 
 
Figure 14: LSD pair comparison for NFR2 – Novelty 
NFR 
FR 
None MR      MP  
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Figure 15: LSD pair comparison for NFR5 – Novelty 
 
Figure 16: LSD pair comparison for NFR8 – Novelty 
 
NFR 
FR MP None MR 
NFR 
MP FR None 
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Figure 17: LSD pair comparison for FR6 – Novelty 
 
 
Figure 18: LSD pair comparison for FR8 - Novelty 
One can observe a pattern from the “significant” non-functional requirements that in 
order to achieve novelty in non-functional requirements, one should consider using non-
FR 
MR None MP 
NFR 
MR 
FR 
None 
MP 
NFR 
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functional requirements.  This can be seen by noticing the significant difference between 
the NFR group and the FR group in all of the significant non-functional requirements in 
terms of novelty.  There is one consistent pattern throughout the links comparison.  That 
is, the NFR group had consistently had a higher average than the FR, MP and None 
groups. This visualization is shown in Figure 19. 
 
 
Figure 19: Repeated patterns observed for novelty 
An interesting finding is that the MP group was also given NFR2 and NFR5 however the 
NFR group outperformed them in both categories.  A similar situation is observed in the 
MR group that was also given NFR2 and NFR8 but the NFR group achieved a greater 
novelty in both of these requirements.  This stimulates an interest in understanding the 
right kind of combination of requirements that need to be given to an individual in order 
to achieve novelty for a specific requirement.  
Another observation made is that functional requirements are needed in order to achieve 
novelty in functional requirements.  This is based on the fact that the FR group has 
consistently achieved a higher average the None and MP groups.  It is also interesting to 
NFR 
FR MP None 
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note that none of the groups that have a significant difference with the FR group had that 
particular requirement unlike the case of non-functional requirements mentioned earlier.  
That is, MR, None and MP groups did not receive FR6 and groups MP, None, NFR did 
not receive FR8.  There was no overlap in the functional requirements (with p-values less 
than 0.05) between the groups except for the MR and FR groups that shared FR8.  In this 
case, the MR group had a higher performance than the FR group.  A closer look to these 
functional requirements, FR6 and FR8, reveals that they could not have been anticipated 
as they deal with specific size of fillings and specific container of finished burritos.  For 
example, FR8 serves as a storage for the finished goods, more specifically in wrapping 
paper.  Multiple sketches included the burritos can be placed on plate, basket, shelf or 
box after being folded. This clearly shows the designer acknowledgement of a place to 
put the finished goods even if it‟s not in a wrapping paper.  Therefore, it is fair judgment 
to say that those requirements could not have been anticipated as opposed to 
requirements such as easy to use, easy to clean, and durable that are the basis for every 
product that is made on the market.  The second most important consumer concern was 
“Lasts a long time” or the product‟s reliability [5].  A future work would be to address 
these issues.     
4.4.2 Novelty Recommendations 
It is recommended that in order to achieve novelty in non-functional 
requirements, a designer should use non-functional requirements. In addition, to achieve 
novelty in functional requirements, designer should also use functional requirements.  
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4.5 Variety 
Variety is defined as the number of different idea families that were generated for each 
requirement per student.  This was evaluated based on individual sketches for each 
requirement.  For the same reasons as mentioned in the novelty section, one must look at 
the analysis of individual requirements because of the higher number of students in the 
MP group.  If a student used more than 1 solution fragment for a requirement, this 
number was counted and put on a table.  If a student generated only 1 solution fragment 
for a requirement, it will get a score of variety score of 1 for that particular requirement. 
Table 18 shows the variety score given to each participant. For example, the first student 
in the FR group generated the same means for requirement NFR8, therefore it obtains a 
score of 1.  The first student in the NFR group generated two different means for NFR8, 
as a result, it gets a variety score of 2. If no means was identified for a requirement, a 
score of 0 is given. This same process is applied until all the variety scores are gathered. 
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Table 18: Variety table for NFR 8 (Durability) 
FR None NFR MR MP 
1 1 2 1 1 
1 1 2 1 1 
1 1 0 0 2 
1 0 1 0 1 
1 0 1 0 1 
0 2 2 0 1 
1 0 1 1 1 
1 0 2 1 1 
  
0 
1 
0 
1 
1 
1 
1 
 
The p-value found is 0.0355 (Table 19). This leads one to conclude that one fails to reject 
the alternative hypothesis, therefore not all the five means are equal.  
Table 19: ANOVA Table Variety for NFR 8 
ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 3.675709 4 0.918927 2.846585 0.035555 2.594263 
Within Groups 13.55833 42 0.322817 
   
       Total 17.23404 46         
 
The LSD procedure is followed to determine which pairs of means are significantly 
different. After calculations, the following pairs are identified as significant: NFR-None, 
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NFR-MR.  All the other pairs are not significantly different and therefore it can be 
assumed that the difference in treatment has not impact on the results in terms of variety. 
The same procedure is repeated for the other eighteen requirements by calculating the p-
value and finding pairs that are significantly different.   
4.5.1 ANOVA and LSD Results for the Novelty metric 
A summary table (Table 20) shows the p-value obtained and the pairs that were 
significantly different using the LSD method. The ANOVA is performed using the results 
from additional tables found in Appendix D:. A quick observation of Table 20 shows that 
six out of eight non-functional requirements have a p-value less than 5% compared to 
only 3 functional requirements with a p-value less than 0.05.   
Table 20: Summary table of ANOVA and LSD for Variety of all the requirements 
Legend:  ## < = 0.05,   0.05< ## <=.01,    ## >0.01 
Requirement P-value LSD/ Pairs sign. different 
NFR1 0.008067 MP-None, NFR-FR, NFR-None, NFR-MR 
NFR2 0.00538 MP-FR, NFR-FR,  NFR-None, NFR-MR 
NFR3 0.505376  
NFR4 0.0022 MP-FR, NFR-FR,  MR-FR, NFR-None 
NFR5 0.001859 MP-FR, NFR-MP, NFR-FR, NFR-None, NFR-MR 
NFR6 6.52E-06 MP-FR, MP-None, NFR-MP, NFR-FR, NFR-None, NFR-MR 
NFR7 0.166795  
NFR8 0.0355 NFR-None, NFR-MR 
FR1 0.242377  
FR2 0.799794  
FR3 0.0068 None-MP, NFR-MP, MP-MR, None-FR, NFR-FR, None-MR, NFR-
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MR 
FR4 0.060503 MP-FR, MP-MR, FR-None, FR-NFR, MR-NFR 
FR5 0.400317  
FR6 0.049186 FR-MP, FR-None 
FR7 0.142034  
FR8 3.15E-11 FR-MP, MR-MP, FR-None, FR-NFR, MR-FR, MR-None, MR-NFR 
PB1 0.642  
PB2 0.125446  
PB3 0.573934  
 
Hierarchical figures (Figure 20-Figure 29) are developed to create a quick visual 
representation of pairs comparison and also identify patterns.  
 
Figure 20: LSD pair comparison for NFR 1 – Variety 
MP 
None 
NFR 
FR None MR 
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Figure 21: LSD pair comparison for NFR2 – Variety 
 
Figure 22: LSD pair comparison for NFR 4 – Variety 
 
Figure 23: LSD pair comparison for NFR5 - Variety 
MP 
FR 
NFR 
FR None MR 
MP 
FR 
NFR 
FR None 
MR 
FR 
MP 
FR 
NFR 
MP FR None MR 
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Figure 24: LSD pair comparison for NFR6 - Variety 
 
Figure 25: LSD pair comparison for NFR8 - Variety 
 
Figure 26: LSD pair comparison for FR3 - Variety 
MP 
None 
NFR 
MP FR None MR 
NFR 
None MR 
None 
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NFR 
MP FR MR 
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Figure 27: LSD pair comparison for FR6 - Variety 
 
Figure 28: LSD pair comparison for FR8 – Variety 
FR 
None MP 
MR 
None MP 
FR 
MP None NFR 
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Figure 29: Patterns for variety metric 
The six non-functional requirements with p-value less than 0.05 are: NFR1, NFR2, 
NFR4, NFR5, NFR8 and the three functional requirements are: FR3, FR6 and FR8.  It‟s 
worth noting that the same requirements NFR2, NFR5, NFR8, FR6 and FR8 were also 
identified as significant for the novelty metric. In order to achieve a variety of concepts 
for non-functional requirements, one should consider giving participants non-functional 
requirements.  When examining the non-functional requirements that have a p-value of 
less than 0.05, there is a distinctive pattern where the variety for NFR is greater than FR, 
None, and MR (Figure 29).  In some cases, it also includes NFR > MP.  This is 
suggestive to conclude that in order to achieve a greater variety for NFR, one must be 
given non-functional requirements.  Another observation that can be made is the fact the 
mixed prioritized requirements are better suited for achieving variety than having 
functional requirements only or no requirements as shown in Figure 20 to Figure 24.  
However, it is essential to note that the average variety score of NFR was always greater 
than the MP group in each of the diagrams shown for non-functional requirements with 
FR 
None MP 
NFR 
FR None MR MP 
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low p-value (see Figure 14 to Figure 16).  The MR group was also given NFR2 however 
the NFR group outperformed the MR group in this category. In addition the MP group 
was also given NFR5 but the NFR group outperformed this group in terms of number of 
different concepts generated. MR group did not receive NFR5, but MP group received 
NFR2. 
There were three functional requirements with a p-value less than 0.05. A quick 
observation can lead to conclude that functional requirements are useful in achieving a 
variety of concepts. For two of the three functional requirements with p-value less than 
0.05, the pattern was that the FR group outperformed the No Requirements group (None) 
and Mixed Priority group (MP) (shown in Figure 27 to Figure 28). When doing an in 
depth analysis, one can realized that the functional requirements FR6 and FR8 are related 
to the device containing a specific size of fillings and wrapping the finished burrito into 
paper. Although some sketches could have mentioned that the finished product could be 
put in a plate or a basket, acknowledging the storage of the finished burrito, wrapping in 
paper might have been too specific for a student to have thought of or anticipated. Only 
the FR and MR group had requirement FR8 and because of the uniqueness of this 
requirement, there is a significant difference with all the other groups that did not have 
this requirements. Note that there is no significant difference between these two even 
though they had the same requirement FR8. This is not a similar behavior seen when 
examining non-functional requirements. For five out of the six non-functional 
requirements with p-value less than 0.05, the NFR group shared that same requirement 
with at least one group. 
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Compared to requirements such as easy to use, easy to install, easy to clean and durability 
that many in industry are always trying to meet or improve. The non-functional 
requirement stating that the device must fit on a table seems it could not have been 
anticipated by any groups that did not have this requirement because of the specific space 
constraints. Some sketches had dimensions greater the size of a table but were still able to 
have a burrito folder device. A similar situation arises regarding the issue of specific 
contents as seen with FR6 and FR8 for the novelty metric. Specific dimensions cannot be 
anticipated by students. 
Another interesting fact is that there was more variety in ideas generated for functional 
requirement FR3 (store up to 4 fillings) that were given only to FR and MP.  However the 
non-functional group outperformed both of these groups in terms of generating different 
ideas for these requirements. There was also no significant difference between the No 
requirements group (None) and the functional requirement group (FR) for the 
“significant” requirements (requirements in Table 20 with p-values less than 0.05) except 
for the extreme requirements that could not have been anticipated (FR6 and FR8). 
Overall the mixed groups performed better than the FR group and the None group. 
4.5.2 Variety Recommendations 
Consequently non-functional requirements are of utmost importance in the design 
process, more specifically in helping to achieve a variety of concepts in non-functional 
requirements and functional requirements.  
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CHAPTER FIVE: CONCLUSIONS 
The goal of this research is to study the influence of requirement type on the 
quantity, quality, novelty and variety of generated design solutions. In order to achieve 
this objective, a controlled experiment was conducted with undergraduate students in the 
Mechanical Engineering department at Clemson University. The class was randomly 
divided into five groups. The controlled group was given the problem statement only, 
which contained three hidden requirements. The four experimental groups were also 
given the problem statement but had specific requirements type: 1) functional 
requirements only, 2) non-functional requirements only, 3) prioritized functional and 
non-functional requirements and 4) non-prioritized requirements. Therefore, each 
experimental group had a total of eleven requirements: three from the problem statement 
requirement and eight specific requirements according to the treatment of the group. 
Even though there were different groups, students were working independently, thus the 
individual responses were analyzed independently and not the group. The solutions were 
coded using a protocol that was tested by three raters. The data was then analyzed to 
answer the research questions. 
5.1 Summary of Findings 
There were five research questions addressed in this research. The research questions and 
their results are shown from Table 21 to Table 25. The findings indicate that for the 
quantity of solutions generated, there is a significant difference between 1) the FR-None 
groups, 2) the NFR-FR groups. All other pairs are not significantly different. The 
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participants in the NFR group were able to generate more solutions than any other 
groups. When examining the quality metric, results reveal that there is a significant 
difference between 1) the MP-None groups 2) the FR-NFR groups 3) the None-NFR 
groups and 4) None-MR groups. All the other pairs are not significantly different. It was 
expected the group with no requirement would not perform well because their design 
space had no restrictions or constraints. However, it is interesting to see that there was no 
significant difference between the None group and the FR group. This suggests that they 
had the same level of understanding of the design problem. The NFR group had the 
highest average of requirements addressed from the overall design space than any other 
group. The analysis for the variety and novelty was performed per requirement in contrast 
to the analysis for the quantity and variety metric examining each requirement in order to 
eliminate bias since the MP group had seven extra students than any of the other groups. 
For novelty in non-functional requirements, a significant difference was observed 
between 1) the NFR-FR group, 2) the NFR-MP group and 3) the NFR-None group for 
non-functional requirements. For novelty in functional requirements, the following pairs 
were significantly different 1) FR-None and 2) FR-MP. However a closer look reveals 
that these functional requirements could not have been anticipated, therefore an 
investigation needs to be performed for future work. An identical observation was made 
for the variety metric in terms of non-functional requirements and functional 
requirements. Thus, the necessity to study the contents of a requirement (broad vs. 
specific) and the right combination of requirements in order to achieve variety of 
concepts.  From this research, the importance of the usage of non-functional requirements 
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in the early stages of the design process is irrefutable. Therefore it is recommended that 
non-functional requirements be included to the design problem in order to positively 
impact the quantity, quality, variety and novelty of solutions. The key findings and 
appropriate recommendations are shown in Table 26.  
Although the findings show that functional requirements should be explicitly 
given to achieve high novelty and variety in functional requirements, which can be seen 
as obvious, this experiment appears to be the first effort to test this generally assumed 
belief. Likewise the non-functional requirements impact on achieving high novelty and 
variety with respect to non-functional requirements is not also surprising. However, no 
known experiment have been systematically conducted to test these widely held 
assumptions until now. 
Table 21: Research Question 1 Results 
Metric 
RQ1: Influence of Functional requirements 
Quantity 
FR group generated the least amount of maximum sketches and the 
least average number of sketches (Table 7) 
Quality 
FR group addressed the least amount of requirements and ranked 2
nd
 
last in terms of average number of requirements addressed (Table 
13) 
Novelty 
Explicitly giving FRs increase novelty in FR (Figure 19) 
Variety 
Explicitly giving FRs increase variety in FR (Figure 29) 
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Table 22: Research Question 2 Results 
Metric 
RQ2: Influence of Non-Functional requirements 
Quantity 
NFR group generated the highest number of sketches (ranked 2
nd
 in  
maximum and average) (Table 7) 
Quality 
NFR group addressed the highest number of requirements in the 
design space solution (Table 13) 
Novelty 
Explicitly giving NFRs increase novelty in NFR (Figure 19) 
Variety 
Explicitly giving NFRs increase variety in NFR (Figure 29) 
 
Table 23: Research Question 3 Results 
Metric 
RQ3: Influence of Mixed Random Requirements  
Quantity 
MR group ranked 3rd in terms of the average number of sketches. 
MR group performed better than MP group (Table 7) 
Quality 
MR group was the second best group at addressing the maximum 
average number of requirements. MR group did better than MP 
group (Table 13) 
Novelty 
No strong pattern observed (reserved for future work) 
Variety 
No strong noticeable pattern (reserved for future work)  
 
Table 24: Research Question 4 Results 
Metric 
RQ3: Influence of Mixed Priority Requirements  
Quantity 
MP group ranked 4th in terms of the average number of sketches. 
(Table 7) 
Quality 
MP group was the third best group at addressing the maximum 
average number of requirements. MP group did better than the None 
group and slightly better than the FR group (Table 13) 
Novelty 
No strong pattern observed (reserved for future work) 
Variety 
No strong noticeable pattern (reserved for future work)  
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Table 25: Research Question 5 Results 
Metric 
RQ3: Influence of No Requirements  
Quantity 
None group was the first in terms of the average number of sketches. 
(Table 7) 
Quality 
None group generated the least amount of requirements (Table 13) 
Novelty 
Having no requirements does not help in achieving novelty 
Variety 
Having no requirements does not help in achieving variety  
 
Table 26: Summarizing key findings and recommendations 
Metric Key Findings 
Recommendations 
Quantity  
1) Having no 
requirements is better 
than FRs (Table 9) 
 
2) Having NFRs is better 
than FRs (Table 9) 
If you want to achieve high quantity you must 
give no requirements (design problem). 
Additionally, consider extracting NFRs from 
the problem statement in order to achieve a 
higher quantity of solutions. 
Quality 
1) Having MP is better 
than no requirements 
(Table 15) 
 
2) Having NFRs is better 
than FR, None and MR 
(Table 15) 
Consider adding NFRs to the functions 
extracted to have mixed requirements.  
However, it has been proven that using NFRs 
alone can ensure the design space is well 
covered, thus leading to a greater number of 
requirements addressed (both FRs and NFRs). 
Novelty 
Having NFRs is better 
than FR, MP and None 
(Figure 19) 
The most important requirements required to 
achieve novelty are NFRs since there is no 
difference in using functional requirements, 
mixed requirements or having no 
requirements. 
Variety 
1) Having FRs is better 
than None and MP 
(Figure 29) 
2) Having NFRs is better 
than all the other groups 
(Figure 29) 
Functional requirements are useful in 
achieving a variety of solutions. However 
NFRs outperformed all the other groups in 
terms of variety, therefore it is recommended 
to extract and use NFRs of the system to 
generate various concepts. 
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5.2 Discussion on Limitation of Experimental Approach 
This study was the first to investigate the influence of requirement types on the 
quantity, quality, novelty and variety in the idea generation process. The population was 
limited in size and consisted of sophomore level students. Therefore investigating a 
bigger sample size so that more significant conclusions can be made for the study is 
needed. It might also be necessary to have students with a higher class level such as 
juniors, seniors or graduate students to ensure the right amount of effort is dedicated 
during the experiment. Then a comparison can be made in the results between the 
different class levels. In both cases, there is a shortcoming that the subjects are all 
students which limit the applications in industry. However, there can be a systematic 
method to train them in order to improve performance once they step in industry. The 
author also acknowledges that the design problem of a burrito folding device was well 
within the familiarity of participants considering that most students had eaten and thus, 
seen how a burrito is made. Thus, it would be interesting to investigate the effect of 
requirements type when the participants are not familiar with the problem such as a crepe 
folder,  the peanut shelling problem [51] or design of door striker fixture for a vehicle 
[56].  Furthermore, because the participants were familiar with burritos, it is possible that 
they had a good understanding of the functions of a burrito device even though these 
functions were not specifically given to them (FR group exempt). However, students 
should also be able to deduce non-functional requirements such as ease of use, easy to 
install and easy to clean that are at the center of the development of a product. In 
addition, the number of explicitly written requirements was eight and there were only 
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three hidden requirements in the problem statement. An exploration of a lesser or greater 
number of requirements might also help in gaining new insight on the results. Finally, the 
analysis in this research mainly focused on concept fragments per requirement rather than 
the integrated solution scores per sketch. This can be further explored. 
5.3 Recommended Future Work 
As future work, it would be interesting to investigate the specific contents of a 
requirement further, whether it‟s broad or specific and their effect on a designer‟s 
solution. The requirements with specific sizes were shown as significant only for the 
groups that received these requirements such as NFR4 (fits table of 3ftx4ft), FR6 (contain 
3-4 in of fillings) and FR8 (wraps in paper). In addition to the requirements given to the 
students, the solutions sketches indicated fulfilling requirements that were not given to 
any of the groups.  An example of one such solution is having heating plates or a heat 
lamp to keep the burritos warm, minimizing space storage of the device or an extra 
storage of ingredients.  These requirements were not given to any of the five groups.  
Thus investigating additional requirements that were generated by participants and 
identifying whether those are functional or non-functional will open a new dimension of 
understanding how designers think while solving the given design problem.  In addition, 
all the requirements were treated equally in the analysis, meaning they all had the same 
weight.  However, some requirements were identified as more important the others, 
reflected in the prioritized requirement group (MP), therefore an investigation on putting 
more weight on the most important requirements should also be explored to draw more 
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significant conclusions.  From this, new research questions can be derived in order to 
improve our understanding of requirements in the design process. 
One of the findings in this work is that some requirements could not have been 
anticipated by other groups that did not receive those particular requirements. These 
happened because of specifics such as dimensions of 3ftx4ft, containing a specific size of 
fillings, specifically wrapped in paper. Thus, an investigation on the specifics and details 
of a requirement should be further explored: What is the influence of the specific contents 
of requirements in the quantity, quality, novelty and variety of solutions at different 
stages of the design process? This would be somewhat linked to the related work in 
CEDAR on the linguistic side of requirements but much focus on the amount of 
information given or needed at a particular stage in the design process. One example can 
be to investigate the effects of numerical values such as dimensions, sizes in the 
conceptual stages versus the detailed design phases. 
In addition, there has been little consideration of requirements in the final design 
stages of the design process in the CEDAR group. As much as it is important to train 
students (novice engineers) in the design process, there is also an equal importance on 
selecting the most effective solution of the problem, which is one of the major goals in 
industry. One needs to be able to assess the effectiveness of those measures on real world 
design problem. A new research question arise: What is the influence of non-functional 
requirements on the final design solutions of a design problem? One might also consider 
the evolution of requirements throughout a project. How do requirements evolve from the 
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conceptual stage to the final design stage? This might be achieved by examining senior 
capstone industry projects or graduate research projects with industry.  
This research work identified non-functional requirements that were deemed 
significant in the novelty metric. These were ease of use, durability and easy to clean that 
should‟ve been anticipated by all the students. Two future research questions can be 
formed. How should we teach students to learn how to decompose a problem ino non-
functional requirements, more specifically so they can anticipate these non-functional 
requirements that stakeholders are not clearly stating but expecting? How do novel 
requirements identified in the early stages of the design process affect the novelty of final 
solutions? These questions might be answered with the use of case studies. 
This research investigates the use of requirements at the conceptual stage of the 
design process. It would also be important to provide guidelines on how they should be 
used at other stages of the design process. Thus an example of future research question is: 
How should requirements be used in the detail design phase of the design process? 
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APPENDICES 
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Appendix A: Concept Sketching Sheet  
 
Figure 30: Concept Sketching Sheet - No Requirements Group 
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Figure 31: Concept Sketching Sheet: Functional Requirements Group 
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Figure 32: Concept Sketching Sheet - Non-Functional Requirements Group 
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Figure 33: Concept Sketching Sheet - Mixed Random Group 
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Figure 34: Concept Sketching Sheet - Mixed Priority Group 
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Appendix B: Fisher‟s LSD Method 
The Fisher‟s LSD (Least Significant Difference) is a method used to compare treatment 
group means after the ANOVA null hypothesis of equal means has been rejected using 
the ANOVA F-test.  
Procedure: 
1. Perform overall test of null hypothesis Hₒ and alternative hypothesis Hₐ using ANOVA 
test. 
Hₒ: 1 2 ... t      
Hₐ.: 2 ...i t      
ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 
      Within Groups 
 
#### #### 
   Total             
 
2. If the ANOVA F-test fails to reject the null hypothesis this procedure should not be 
used. Otherwise continue to #3. 
3. Perform the desired hypothesis tests of paired comparisons using contrast tests 
 Hₒ: 
i j   
Hₐ.: i j   
At this point, the interest is in doing the pairwise comparisons of the means. Calculate the 
LSD value as follows. 
 90 
,
2
1 1
( )i j
i j
LSD t DFW MSW
n n
   where n represent the sample size of each population, 
DFW and MSW are obtained after getting the results from the ANOVA table. DFW = df 
(Within Groups) and MSW = MS (Within Groups) 
4. If 
,i j i jy y LSD  , then fail to reject the alternative hypothesis Hₐ.: i j  meaning 
that there is a significant difference between the pairs of means. Otherwise reject the 
alternative, in this case, there is no significant difference between the pairs of means. 
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Appendix C:  Additional tables for novelty 
This section shows the novelty score of each student for each requirement. 
NFR1 
FR None NFR MR MP 
0 0 0 0 0 
0 0 1 0 1 
0 0 0 1 0 
0 0 0 0 0 
0 0 1 0 0 
0 1 1 1 1 
0 0 0 0 0 
0 0 2 0 1 
  
1 
1 
0 
1 
1 
0 
0 
 
NFR2 
FR None NFR MR MP 
0 0 0 0 1 
0 0 2 0 0 
0 0 2 1 1 
0 0 3 0 1 
0 0 1 1 1 
0 1 3 1 1 
0 0 1 1 0 
0 0 0 1 0 
  
1 
0 
0 
1 
2 
0 
0 
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NFR3 
FR None NFR MR MP 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 1 
0 1 0 0 0 
0 0 0 0 0 
0 0 1 0 0 
  
0 
0 
0 
0 
0 
0 
0 
 
NFR4 
FR None NFR MR MP 
0 0 0 0 1 
0 0 1 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 1 0 0 
0 2 1 0 0 
0 0 0 0 0 
0 0 0 1 0 
  
0 
0 
0 
1 
2 
0 
0 
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NFR5 
FR None NFR MR MP 
0 0 0 0 0 
0 0 1 1 0 
0 0 2 0 0 
0 0 2 0 0 
0 0 0 0 0 
0 1 2 0 0 
0 0 0 0 0 
0 0 2 0 0 
  
0 
0 
0 
1 
2 
0 
1 
 
NFR6 
FR None NFR MR MP 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
  
1 
1 
1 
1 
1 
1 
1 
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NFR7 
FR None NFR MR MP 
0 0 1 0 0 
0 0 1 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
1 1 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
 
NFR8 
FR None NFR MR MP 
0 0 1 1 1 
0 0 1 0 1 
0 0 0 0 0 
0 0 1 0 0 
0 0 1 0 0 
0 1 1 0 1 
0 0 0 1 0 
1 0 1 1 0 
  
0 
0 
0 
0 
1 
0 
0 
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FR1 
FR None NFR MR MP 
0 0 0 1 1 
1 0 2 1 0 
0 0 1 1 0 
0 0 1 1 0 
0 0 1 0 0 
0 2 1 1 1 
0 0 0 0 0 
0 0 0 0 0 
  
1 
0 
0 
1 
1 
0 
0 
 
FR2 
FR None NFR MR MP 
0 0 0 2 0 
0 0 1 2 0 
1 0 1 2 1 
0 0 1 1 1 
2 0 1 0 0 
0 2 0 1 2 
1 0 0 0 1 
1 0 0 1 0 
  
1 
0 
0 
1 
0 
0 
0 
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FR3 
FR None NFR MR MP 
1 1 2 0 0 
1 0 1 0 1 
0 0 0 0 0 
0 1 0 0 0 
0 2 0 0 0 
0 0 2 0 1 
0 1 0 1 0 
1 0 2 0 0 
  
0 
0 
0 
0 
1 
0 
0 
 
FR4 
FR None NFR MR MP 
0 1 0 0 2 
0 0 1 1 1 
0 0 2 1 1 
0 1 0 0 0 
0 0 0 0 0 
0 0 1 1 1 
0 1 0 1 0 
0 1 2 0 0 
  
1 
1 
0 
0 
0 
1 
0 
 
 97 
 
FR5 
FR None NFR MR MP 
1 0 0 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
1 0 0 1 0 
0 0 0 0 1 
0 0 1 2 0 
0 0 1 0 0 
  
0 
0 
0 
0 
1 
0 
0 
 
FR6 
FR None NFR MR MP 
1 0 0 0 0 
0 0 0 0 0 
1 0 0 0 0 
1 0 0 0 0 
1 0 0 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 2 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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FR7 
FR None NFR MR MP 
1 0 0 2 1 
1 1 2 1 1 
1 0 1 2 2 
1 0 1 1 0 
0 0 1 1 2 
0 2 2 1 1 
0 1 0 0 0 
0 0 0 1 1 
  
0 
1 
0 
0 
1 
1 
1 
 
FR8 
FR None NFR MR MP 
0 0 0 2 0 
1 0 0 1 0 
0 0 0 1 0 
1 0 0 1 0 
1 0 0 1 0 
1 0 0 0 0 
0 0 0 1 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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Pb1 
FR None NFR MR MP 
1 1 0 0 2 
1 0 2 0 1 
0 1 2 1 2 
1 1 2 1 0 
0 0 1 1 1 
0 4 0 1 2 
0 0 0 1 0 
0 1 0 1 1 
  
1 
0 
0 
1 
0 
0 
0 
 
Pb2 
FR None NFR MR MP 
0 0 1 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
0 1 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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Pb3 
FR None NFR MR MP 
0 0 0 1 0 
0 0 2 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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Appendix D: Additional tables for variety  
This section shows the results for the variety score per requirement for all the five groups. 
NFR1.Var 
FR None NFR MR MP 
1 2 3 1 2 
1 1 2 2 0 
1 1 3 2 3 
1 0 4 1 2 
1 0 1 2 1 
1 2 2 1 2 
1 0 2 1 1 
1 1 1 1 2 
  
1 
2 
0 
3 
2 
1 
2 
 
NFR2.Var 
FR None NFR MR MP 
1 2 3 1 2 
1 1 2 2 0 
2 1 3 2 3 
1 0 4 1 2 
1 0 1 2 1 
0 2 2 1 2 
0 0 2 1 1 
0 1 1 1 2 
  
1 
2 
0 
3 
2 
1 
2 
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NFR3.Var 
FR None NFR MR MP 
0 0 0 0 0 
1 0 2 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 1 
0 1 0 1 0 
0 0 0 0 0 
0 0 1 0 1 
  
0 
0 
0 
0 
0 
0 
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NFR4.Var 
FR None NFR MR MP 
0 1 0 1 3 
0 0 3 1 1 
0 0 0 1 3 
0 0 2 0 1 
0 0 2 2 1 
0 2 2 3 1 
0 1 1 1 2 
0 1 0 1 1 
  
1 
0 
0 
2 
2 
0 
1 
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NFR5.Var 
FR None NFR MR MP 
0 0 1 0 0 
0 0 1 1 0 
0 0 2 0 1 
0 0 2 0 0 
0 0 0 0 1 
0 2 1 0 1 
0 0 1 1 0 
0 0 2 1 0 
  
0 
0 
0 
1 
1 
1 
2 
 
NFR6.Var 
FR None NFR MR MP 
0 0 2 0 0 
0 0 2 0 0 
0 0 2 0 1 
0 0 1 0 1 
0 0 1 0 1 
0 1 2 1 1 
1 0 2 0 1 
1 0 0 1 0 
  
0 
0 
0 
2 
1 
1 
1 
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NFR7.Var 
FR None NFR MR MP 
0 0 1 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
1 1 0 1 0 
0 0 0 0 0 
0 0 0 1 0 
  
0 
0 
0 
0 
0 
0 
0 
 
NFR8.Var 
FR None NFR MR MP 
1 1 2 1 1 
1 1 2 1 1 
1 1 0 0 2 
1 0 1 0 1 
1 0 1 0 1 
0 2 2 0 1 
1 0 1 1 1 
1 0 2 1 1 
  
0 
1 
0 
1 
1 
1 
1 
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FR1.Var 
FR None NFR MR MP 
1 2 1 2 2 
1 2 4 2 1 
3 1 3 2 2 
1 1 4 2 2 
1 1 2 2 2 
1 4 2 2 1 
1 2 2 1 2 
2 2 1 0 1 
  
1 
3 
0 
3 
2 
1 
2 
 
FR2.Var 
FR None NFR MR MP 
2 2 1 3 1 
1 2 4 2 1 
2 1 2 2 4 
1 1 4 1 2 
2 1 2 3 2 
2 3 2 3 1 
1 2 1 1 2 
2 2 1 1 1 
  
1 
3 
0 
3 
2 
1 
2 
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FR3.Var 
FR None NFR MR MP 
2 2 2 0 1 
1 1 3 1 1 
1 1 1 1 1 
1 2 1 0 1 
1 3 1 1 1 
1 0 3 0 2 
0 3 1 1 1 
1 1 2 1 1 
  
1 
1 
1 
1 
1 
1 
1 
 
FR4.Var 
FR None NFR MR MP 
1 2 1 1 2 
1 1 3 2 1 
2 2 3 3 3 
1 2 2 1 2 
1 1 1 1 2 
1 3 2 2 1 
1 3 2 1 2 
1 1 2 0 2 
  
1 
2 
2 
3 
2 
1 
3 
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FR5.Var 
FR None NFR MR MP 
1 0 0 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
1 0 0 1 0 
0 0 0 0 1 
0 0 1 2 0 
0 0 1 0 0 
  
0 
0 
0 
0 
2 
0 
0 
 
FR6.Var 
FR None NFR MR MP 
1 0 0 0 0 
0 0 0 0 0 
2 0 0 0 0 
0 0 0 1 0 
1 0 0 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 1 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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FR7.Var 
FR None NFR MR MP 
1 1 0 3 2 
1 2 4 2 1 
2 2 3 3 2 
1 2 2 2 2 
1 0 1 2 2 
0 3 2 3 2 
1 1 1 2 1 
2 2 0 1 2 
  
1 
2 
1 
3 
2 
2 
2 
 
FR8.Var 
FR None NFR MR MP 
1 0 0 2 0 
1 0 0 1 0 
2 0 0 3 0 
1 0 0 2 0 
1 0 0 1 1 
1 0 0 2 0 
1 0 0 2 0 
1 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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PB1.Var 
FR None NFR MR MP 
2 2 1 2 3 
2 1 5 1 1 
1 2 2 3 4 
2 2 3 3 1 
1 1 1 2 2 
1 5 2 3 2 
1 2 1 2 1 
2 3 1 1 2 
  
1 
2 
2 
3 
1 
2 
2 
 
PB2.Var 
FR None NFR MR MP 
0 0 1 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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PB3.Var 
FR None NFR MR MP 
0 0 0 1 0 
0 0 1 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
 
 111 
Appendix E: Protocol Validation 
A protocol for extracting concept fragments was developed shown in Table 4. Three 
different raters evaluated sixteen sketches from various groups. In addition, the raters 
were also given the problem statement and all the functional and non-functional 
requirements shown in Figure 6 and  
 
 
 
Table 2 respectively. A step by step guide is developed to assist the raters in identifying 
concept fragments. The details are described below. 
Step 1- a) Look at a sketch and identify a concept fragment that addresses each 
requirement. The excel file attached in the zip file will tell you which sketch number to 
look at. It has the initials of the students and the page number of the PDF of each group to 
analyze. 
Step 1 -b) A sketch must address at least one requirement in order to be analyzed. If it 
does not, it is considered an invalid sketch, write invalid or N/A in the whole column to 
indicate this. The concepts fragments MUST come directly from the solution sketch/notes 
of the student. Several guiding questions were developed in order to help identify concept 
fragments shown in Table 4. 
Step 2: Fill out the blanks from the table with each concept fragment. That is, write 
concept fragment(s) explicitly found inside a student sketch/ note. Write it/them it in the 
space available for each requirement. In addition, label it on the student‟s solution.  You 
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will need to print the solution sketches/notes ONLY of the page number included in your 
excel file.  
It is possible to have the same solution methods satisfying several requirements. If you 
cannot identify a concept fragment for a requirement, leave the space blank for that 
particular requirement.  
Since the analysis was focused on the concept fragments, it was important to test for the 
similarity of the means and the requirements addressed between the raters. Thus an inter 
rater reliability test is performed. 
Inter rater Reliability Agreement 
The joint probability agreement was calculated comparing pairs of raters over the 
following three criteria: all the requirements, non-functional requirements only and 
functional requirements only. The last two types were selected because the goal of the 
research is to understand the influence of type of requirements, therefore one must also 
understand how raters identify means for these specific types of requirements. The results 
are shown in Table 27. 
Table 27: Inter rater reliability values 
Raters E-S E-R 
R-S 
All 
requirements 0.76 0.74 
0.7 
NFR 0.72 0.72 
0.66 
FR 0.76 0.73 
0.7 
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The values from this table are all greater than 0.6 which implies that the protocol is 
reliable and yields to high confidence in the results [57,58]. For most purposes, values 
between 0.4 and 0.6 may be taken to represent good agreement, values below 0.4 are 
taken as poor agreement and values above 0.6 are considered excellent agreement. The 
values in Table 27 show that there is good agreement between the raters. Therefore the 
results due to the coding and analysis of the data are highly reliable. 
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Appendix F: Integrated Morph Chart 
Part 1: 
FR Solution Fragments (Means)     
Position 
tortillas 
conveyor tortilla crane plate turntable burrito shaped 
hole (round 
conveyor belt) 
Hold 
tortillas 
conveyor plate mechanical 
plate 
arm grabber turntable 
Store 
fillings 
filling 
dispensers 
lever fillings ingredient 
placers 
filling tanks rotating can 
Fill w/ 
fillings 
droplet smack chute slide plate drop 
Prevent 
spills 
blades cutting 
excess 
low height 
drop 
tortilla shell 
boundary 
curved shell 
to keep 
ingredients in 
shell 
inches away 
from hopper 
to avoid 
splatter 
Contain 3-4 
in 
lever fillngs 5in width 
slide plate 
containers 
plastic ring 
hold fillings 
size of shell 
boundary (3-
4in high 
11 perfectly 
partitioned 
amounts of 
fillings via 
strings (small 
serving size) 
Folds 
tortilla 
folding arms wrapping 
machine 
folder joints folding arrow folding 
device/table 
 115 
Wrap in 
Paper 
packing paper wrapping 
machine 
folder joints 
(packaging 
machine) 
folder for the 
wrapper 
packaging 
machine 
NFR Solution Fragments (Means)     
Easy to 
install 
conveyor manual table toast oven box 
Easy to use conveyor robotic arms 
(packaging 
placer/burrit
o grabber 
minimal 
action from 
user(only 
place and 
remove 
tortilla).littl
e human 
force 
automatic buttons(on/off
, switch) 
Weigh < 
20lbs toast oven hopper 
tray light bins 
made of 
plastic fit on table 
Fit table table/table 
surface 
drawn on 
table 
toast oven table/multipl
e human 
beings 
rectangular 
shape 
Easy to 
clean 
bowl toast oven removable 
hot plates 
griddle manual 
No extra 
tools 
automatic manual robot     
Safety indicating 
lights 
heat cover lid funnel 
shape 
protective 
casing 
toast oven 
Durable metal lever 
component 
rail 
component 
robot conveyor 
components 
Pb S Solution Fragments (Means)     
Burrito 
maker 
device belt roller burrito belt tortilla placer turntable 
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Feed 100 
people 
2 people 
complete 100 
burritos in 10 
min 
4 stacks of 
25burrito 
part flip 
several 
burritos at a 
time 
    
Time 
constraints 
10 
burritos/min 
belt moves 
every 2/3s by 
6 in 
input 
desired 
time 
intervals  
w = cst time 
  
 
Part 2: 
FR Solution Fragments (Means)     
Position 
tortillas 
table toast oven box surface top belt 
Hold 
tortillas 
lock in 
place for 
each stage 
tortilla holder surface top robotic arm table 
Store 
fillings 
pre filled 
ingrdients 
4  bins plastic bags blender ingredients 
table 
Fill w/ 
fillings 
hose robotic arm gun filling 
(open/close 
valves 
mechanism) 
manual 
Prevent 
spills 
put 
toppings at 
an angle so 
they stay in 
indented spilling 
catcher 
funnel fits  
in cylinder 
hole 
Mess 
catcher 
Contain 3-4 
in 
2 sliding 
doors as 
serving 
hopper 
computer 
controlled 
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Folds 
tortilla 
hindged 
plate 
robotic arms manual 
folding on 
table(manual 
rolling) 
pre-rolled 
tortillas(pre-
folded) 
flip end of 
surface top 
Wrap in 
Paper 
wrapper robotic arms pin wrap wrapping 
material 
rollers 
NFR Solution Fragments (Means)     
Easy to 
install 
belt/griddle cylinder belt/rollers table w/ 
funnel 
light/hopper 
Easy to use computer 
interface 
toast oven robotic 
arms/ timing 
markers 
persons rotating ring 
Weigh < 
20lbs           
Fit table table w/ 
dimensions 
belt table w/ 
funnel 
hopper plate/tongs 
Easy to 
clean 
one shelf wipe clean hopper light thin 
sheet metal 
plate/tongs 
No extra 
tools 
          
Safety robotic          
Durable plastic 
made 
spring 
material(steel) 
plastic/rail 
component 
rubber parts made 
by Toyota 
Pb S Solution Fragments (Means)     
Burrito 
maker 
robotic 
arms 
burrito gun computer 
interface 
belt system manual 
Feed 100 
people           
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Time 
constraints 
          
 
Part 3: 
FR Solution Fragments (Means)       
Position 
tortillas 
robotic arm tortilla 
cylinder 
tortilla 
walls 
funnel tray bowl 
Hold 
tortillas 
manual toast oven 
tray 
surface box (ring)bel
t 
tortilla 
cylinder 
tortilla walls 
Store 
fillings 
ingredients 
tray 
funnell of 
fillings 
rotating 
hopper 
dispense
r 
cylinder 
cup of 
fillings 
manual filling 
Fill w/ 
fillings 
fillings 
mentioned 
or drawn 
pour 
rotating 
drop 
injector 
spings 
and 
flings 
action 
hose/pumping 
Prevent 
spills bump stop 
          
Contain 3-4 
in 
            
Folds 
tortilla 
part to flip shape of 
funnel 
lip folds tortilla 
cylinder 
flipped 
sides 
rolling tube 
Wrap in 
Paper 
packaging 
device 
pneumatic 
arm 
second 
metal plate 
manual     
NFR Solution Fragments (Means)       
Easy to 
install 
loading bin flat tray rail ramp turntabl
e 
human robot 
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Easy to use manual centrifuge 
device 
sides flip handle flip arms slide 
movement 
Weigh < 
20lbs             
Fit table turntable cylinder         
Easy to 
clean 
robotic arm automatic mess 
catcher 
funnel     
No extra 
tools 
            
Safety             
Durable tongs 
component
s 
heating 
component
s 
griddle 
material 
heat 
resistant 
plastic 
rollers 
material
s 
aluminum/woo
d 
Pb S Solution Fragments (Means)       
Burrito 
maker 
toast oven metal 
rollers 
rollers/ove
n 
slide 
roller 
cylinder burrito wheel 
Feed 100 
people             
Time 
constraint
s             
 
Part 4: 
FR Solution Fragments (Means)       
Position 
tortillas 
gator's 
mouth 
track ramp hopper     
Hold 
tortillas 
pin hole mechanical 
sensor 
gator's 
mouth 
paper tongs robotic 
claw 
Store 
fillings 
fillings 
mentioned 
ingredients 
compartime
nts 
boxes of 
ingredient
s 
canisters fillings 
containers 
tube 
dispense
rs 
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Fill w/ 
fillings 
5 rotating 
(serving) 
hoppers 
sliding gates 
nozzle 
sprayer 
button press 
sides 1,2,3 
raised 
lift 
gate/slid
e 
Prevent 
spills 
            
Contain 3-
4 in 
            
Folds 
tortilla 
flip action rolling action compressi
ng 2 
burritos 
into 1 
folding legs crank 
handle/sh
aft 
fold/roll 
system 
Wrap in 
Paper 
            
NFR Solution Fragments (Means)       
Easy to 
install 
removable 
componen
ts 
Variety          
Easy to 
use 
pushing 
rods 
strings tortilla 
hopper 
interface 
menu 
lever 
hooked to 
a motor 
tongs 
Weigh < 
20lbs             
Fit table             
Easy to 
clean 
            
No extra 
tools 
            
Safety             
Durable metal/plas
tic 
powered 
motor 
        
Pb S Solution Fragments (Means)       
Burrito 
maker 
rotating 
ring 
belt/griddle rollers cylinder/burri
to log 
centrifugal 
machine 
burrito 
box 
Feed 100 
people             
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Time 
constrain
ts             
 
Part 5: 
FR Solution Fragments (Means)       
Position 
tortillas 
            
Hold 
tortillas 
clips hooks tray bowl spring 
board 
board 
(no 
spring) 
Store 
fillings 
            
Fill w/ 
fillings 
automatic/chu
te 
pressurize
d fillings 
filling 
spoon 
corkscrew 
mechanism 
chute 
and 
rotation 
scoopin
g 
Prevent 
spills 
            
Contain 3-
4 in 
            
Folds 
tortilla 
angled metal 
railings 
second 
metal 
plate 
rollers side fold track 
curve 
plastic 
plate 
device 
Wrap in 
Paper 
            
NFR Solution Fragments (Means)       
Easy to 
install 
            
Easy to 
use 
switch table conveyor 
belt/robot
ic arm 
turntable/butto
ns 
screen 
interfac
e 
voice 
activate
d 
Weigh < 
20lbs             
Fit table             
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Easy to 
clean 
            
No extra 
tools 
            
Safety             
Durable             
Pb S Solution Fragments (Means)       
Burrito 
maker 
hopper grid  
device 
bowl table folder tongs table 
top 
burrito 
Feed 100 
people             
Time 
constrain
ts             
 
Part 6: 
 
FR Solution Fragments (Means)         
Position 
tortillas 
              
Hold 
tortillas 
hopper             
Store 
fillings 
              
Fill w/ 
fillings 
funnel 
pulling 
lever 
rotating 
chute 
        
Prevent 
spills 
              
Contain 3-4 
in 
              
Folds 
tortilla 
table sides 
flip up 
rotating 
table 
top 
spring 
board close 
position 
foldable 
board 
tortilla 
grabbers 
curved 
end of 
conveyor 
v-shape 
to fold 
Wrap in 
Paper 
              
NFR Solution Fragments (Means)         
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Easy to 
install 
              
Easy to use folding 
board/lever 
for filling 
funnel           
Weigh < 
20lbs               
Fit table               
Easy to 
clean 
              
No extra 
tools 
              
Safety               
Durable               
Pb S Solution Fragments (Means)         
Burrito 
maker 
table 
mounted 
burrito 
maker 
Curved 
plastic 
plate 
tortilla 
claw/spoon 
spider 
burrito 
rotating 
table 
spring 
board 
push 
arm 
design 
Feed 100 
people               
Time 
constraints 
              
 
 
Part 7: 
 
FR Solution Fragments (Means)         
Position 
tortillas 
              
Hold 
tortillas 
              
Store 
fillings 
              
Fill w/ 
fillings 
              
Prevent 
spills 
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Contain 3-4 
in 
              
Folds 
tortilla 
flipping 
edges on 
conveyor 
automatic 
folding 
metal 
plate 
lever 
arm 
folding 
doors 
handle pushing 
rods 
Wrap in 
Paper 
              
NFR Solution Fragments (Means)         
Easy to 
install 
              
Easy to use               
Weigh < 
20lbs               
Fit table               
Easy to 
clean 
              
No extra 
tools 
              
Safety               
Durable               
Pb S Solution Fragments (Means)         
Burrito 
maker 
tortilla 
grabbers 
burrito 
machine 
burrito 
go-
found 
table 
        
Feed 100 
people               
Time 
constraints 
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Appendix G: Novelty tables for occurrences of 10% 
NFR1 
FR None NFR MR MP 
0 0 0 0 0 
0 0 1 0 1 
0 0 1 1 0 
0 0 1 0 0 
0 0 1 0 0 
0 2 1 1 1 
0 0 0 0 0 
0 0 2 0 1 
  
1 
1 
0 
1 
1 
0 
0 
 
NFR2 
FR None NFR MR MP 
0 0 1 0 1 
0 0 2 0 0 
0 0 2 1 1 
0 0 3 0 1 
0 0 1 1 1 
0 1 3 1 1 
1 0 1 1 0 
1 0 0 1 0 
  
1 
0 
0 
1 
2 
0 
0 
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NFR3 
FR None NFR MR MP 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 1 
0 1 0 0 0 
0 0 0 0 0 
0 0 1 0 0 
  
0 
0 
0 
0 
0 
0 
0 
 
NFR4 
FR None NFR MR MP 
0 0 0 0 1 
0 0 1 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 1 0 0 
0 2 1 0 0 
0 0 0 0 0 
0 0 0 1 0 
  
0 
0 
0 
1 
2 
0 
0 
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NFR5 
FR None NFR MR MP 
0 0 1 0 0 
0 0 1 1 0 
0 0 2 0 0 
0 0 2 0 0 
0 0 0 0 0 
0 1 2 0 0 
0 0 1 0 0 
0 0 2 0 0 
  
0 
0 
0 
1 
3 
0 
1 
 
NFR6 
FR None NFR MR MP 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
  
1 
1 
1 
1 
1 
1 
1 
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NFR7 
FR None NFR MR MP 
0 0 1 0 0 
0 0 1 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
1 1 0 0 0 
0 0 0 1 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
1 
1 
 
NFR8 
FR None NFR MR MP 
0 0 1 1 1 
0 0 1 0 1 
0 0 0 0 0 
0 0 1 0 0 
0 0 1 0 1 
0 1 2 0 1 
1 0 1 1 0 
1 0 2 1 0 
  
0 
0 
0 
0 
1 
0 
0 
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FR1 
FR None NFR MR MP 
0 0 0 1 2 
1 0 2 1 0 
1 0 1 2 0 
1 0 1 1 1 
0 0 1 0 0 
0 2 1 1 1 
0 0 1 0 0 
0 0 0 0 1 
  
1 
1 
0 
2 
1 
0 
0 
 
FR2 
FR None NFR MR MP 
0 0 0 2 0 
0 0 1 2 0 
1 0 2 2 1 
1 0 1 2 2 
2 0 1 0 0 
1 3 0 1 2 
1 0 0 0 1 
1 1 0 1 1 
  
1 
1 
0 
2 
1 
0 
0 
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FR3 
FR None NFR MR MP 
1 1 2 0 0 
1 0 1 0 1 
0 0 0 0 0 
0 1 0 0 0 
0 2 0 0 0 
0 0 2 0 1 
0 1 0 1 0 
1 0 2 0 0 
  
0 
0 
0 
0 
1 
0 
0 
 
FR4 
FR None NFR MR MP 
0 1 1 0 2 
0 0 1 1 1 
0 0 2 1 1 
0 1 1 0 0 
0 0 1 0 0 
0 1 2 2 1 
0 1 0 1 0 
0 1 2 0 0 
  
1 
1 
0 
1 
1 
1 
2 
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FR5 
FR None NFR MR MP 
1 0 0 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
1 0 0 1 0 
0 0 0 0 1 
0 0 1 2 0 
0 0 1 0 0 
  
0 
0 
0 
0 
1 
0 
0 
 
FR6 
FR None NFR MR MP 
1 0 0 0 0 
0 0 0 0 0 
1 0 0 0 0 
1 0 0 0 0 
1 0 0 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 2 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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FR7 
FR None NFR MR MP 
1 0 0 2 1 
1 1 2 1 1 
1 0 1 2 2 
1 0 1 1 0 
0 0 1 1 2 
0 2 2 1 1 
0 1 0 0 0 
0 0 0 1 1 
  
0 
1 
0 
0 
1 
1 
1 
 
FR8 
FR None NFR MR MP 
2 0 0 2 0 
1 0 0 1 0 
1 0 0 2 0 
2 0 0 1 0 
1 0 0 1 0 
1 0 0 1 0 
0 0 0 1 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
 
 
 133 
Pb1 
FR None NFR MR MP 
1 1 0 0 2 
2 0 3 0 1 
0 1 2 1 2 
1 1 2 1 0 
1 0 1 1 1 
0 4 0 1 2 
0 0 0 1 0 
0 1 0 1 1 
  
1 
0 
0 
1 
0 
0 
0 
 
Pb2 
FR None NFR MR MP 
0 0 1 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
0 1 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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Pb3 
FR None NFR MR MP 
0 0 0 1 0 
0 0 2 0 0 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
  
0 
0 
0 
0 
0 
0 
0 
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